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Chapter 1
General Introduction
Dike breach near the village ofKqpa Gostecka, August, 3rd, 2001
Riverine floodplains, including their lakes, are among the most biodiverse systems 
worldwide and offer many important ecological and socio-economical functions such 
as flood protection, water purification, nutrient and water retention, and food 
production. They are, however, strongly threatened and their total area is 
disappearing at an alarming rate due to human activities. This is striking, especially 
because we live in times when water deficiency becomes more and more a severe 
problem (Tockner and Stanford, 2002).
Another important issue is the increasing frequency and severity of flood events, 
related to the disturbance of floodplains by humans as well as (probably) to climate 
change. Moreover, there is a shift in flooding periods from winter to summer in some 
regions which generates more severe consequences. There are many examples of 
flood events from the last decennium which occurred not only in regulated riverine 
systems such as those in Western Europe but also in less regulated rivers in Eastern 
Europe (e.g. Vistula River in Poland), where summer floods are also very common. 
Moreover, the current flood protection strategies by means of dikes seem to be 
insufficient and there is a strong need for applying new measures. These new 
approaches combine the restoration of floodplain functions, safety and habitat 
creation (Lamers et al., 2006). It is, however, difficult to optimally combine all goals, 
and restoration projects often result in low biodiversity as a result of eutrophication, 
alkalinization and toxicity (Antheunisse et al., 2006; Lamers et al., 2006).
Socio-economical and ecological problems in floodplains
Floodplains are the lowland areas subjected to temporal inundation by lateral overflow 
of water from associated rivers and lakes (Tockner and Stanford, 2002). They are 
present in all regions of the world along rivers and lakes and are considered to be one 
of the most biodiverse environments at a global scale. Many rare and endangered 
species have their habitats in floodplains and the productivity of these systems is at 
least equal to that of rain forests (Hartig et al., 1997). These environments have always 
had great importance for humans, as shown by the fact that the first civilisations arose 
in fertile floodplains (Tockner and Stanford, 2002).
Pristine floodplains have many functions including flood control, mitigation of 
pollutants and nutrients, sediment accretion, control of erosion, groundwater 
recharge, surface water recharge and water supply (Hartig et al., 1997; Tockner and 
Stanford, 2002). However, river regulation, wastewater discharge and intensive 
agriculture have caused strong changes and nowadays floodplains are among the most 
altered landscapes worldwide and have become species-poor, over-fertilized, and 
polluted (Nienhuis et al., 2002; Tockner and Stanford, 2002). Moreover, these activities 
caused a decline of water storage areas, which is an additional problem nowadays as 
we observe an increasing problem with water deficiency (Danilov-Danilyan, 2005).
The lakes in many floodplains are exposed to high anthropogenic impact due to 
inflow of polluted surface water, groundwater, and precipitation. Activities such as fish 
culture, agriculture in the catchment (leading to leaching of nutrients) and the inflow 
of polluted river water constitute an additional stress affecting biodiversity, as related 
to adverse water quality changes (Van Geest et al., 2005). Particularly small and 
shallow lakes with a relatively small volume can be highly affected. Fish play an 
important role in nutrient transport in water affecting, in that way, species
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composition in freshwater systems. When external P loading into lake decreases the 
role of benthivorous fish becomes more important (Hendrixon et al., 2007). Moreover, 
there are indirect effects of fish resulting from feeding activity influencing nutrient 
cycling and food webs (Gulati and Van Donk, 2002; Sereda, 2008; Boros et al., 2009).
There has been an increasing tendency of flood events in Europe which is 
probably related to climate change (Bronstert, 2003; Linnerooth-Bayer and Amendola, 
2003; Mitchell, 2003; Ulbrich et al., 2003; Kundzewicz, 2005). Especially in Eastern 
European countries, including Poland, frequencies of peak discharges and summer 
flooding have significantly increased, even though these rivers are much less regulated 
than in Western Europe (Tab. 1). Such flooding events have always been temporal, as 
they are caused by strong rainfall and snow melting, but recently peak discharges of 
European rivers have increased in volume due to extensive anthropogenic activities 
such as the regulation of rivers, removal of vegetation cover over large areas, intensive 
agriculture and building of dams and roads (Blom and Voesenek, 1996). Severe and 
dangerous summer flood events occurred in 1997 (Odra and Vistula River), 2001 
(Vistula River) and 2002 (Elbe) due to intensive precipitation (Kundzewicz, 2005; 
Kundzewicz et al., 2005; EEA, 2007). Flooding events may cause significant economic 
damage and casualties in inhabited, industrial and agricultural areas of the floodplains 
(Tab. 1). For example in the time period between 1975 and 1995 there were over 
12,700 people killed (in an average year), 60 million affected and 3.2 million homeless. 
The total economic material damage caused by summer flooding in 2002 exceeded 15 
billion Euro in Germany, Austria, and the Czech Republic (Kundzewicz et al., 2005).
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Table 1. Flood events and their consequences in Eastern Europe during the last 19 
years (from: Darthmouth Flood Observatory, modified).
Year
Hectares
flooded
Affected  
Region 
(sq km)
Duration
(days)
Dead Displaced
Damage 
(m ln USD)
Main cause
Severity
Class*
1987 (May) 15000 13140 4 500 Brief torrential rain 1
1991 (August)1 65820 5 10.4 Heavy rain 2
1997 (July) 502000 34950 38 54 162500 1000 Heavy rain 3
1998 (July) 13180 5 9 1200 Heavy rain 1
1998 (April) 70000 50160 7 0 1500 Heavy rain 1
1999 (June)2 83015 121170 10 19 914 36466 Heavy rain 3
2001 (April) thousands 3120 5 Heavy rain 1
2001 (July) 29 000 47890 15 30 16000 250 Brief torrential rain 1
2001 (July) 1360 1 4 650 50 Brief torrential rain 1
2004 (July) 18000 16220 15 2 1175 Heavy rain 3
2005 (April)3 11000 673500 23 4 1000 Snowmelt, heavy rain 1
2006 (June)4 10000 27580 3 600 Heavy rain 1
* Severity assessment is on 1-3 scale
Class 1: large flood events: significant damage to structures or agriculture; fatalities; and/or 1-2 decades- 
long reported interval since the last similar event.
Class 2: very large events: greater than 20 yr but less than 100 year recurrence interval, and/or a local 
recurrence interval of at 10-20 yr.
Class 3: Extreme events: with an estimated recurrence interval greater than 100 years.
1 also in Hungary; 2 also in Romania, Slovakia and Czech Republic; 3 also in Slovakia and Hungary; 4 also in 
Slovakia
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A new concept for river management
These disasters show the necessity of finding new solutions, because raising dikes and 
levies does not seem to provide efficient protection anymore. In Poland, where water 
management is mainly based on dike protection, these events (Tab. 1) have shown 
that there is a strong need for floodwater storage basins in order to cope with the 
intensification of flooding risks, e.g., along the Vistula River (Kuzniar et al., 2002). 
Human development is often near river beds, which is why it becomes more and more 
important to control flooding, in order to prevent substantial personal and financial 
damage. New strategies have been proposed, such as the re-creation of more natural 
riverine systems, by allowing more space for the rivers. In this model the river can 
again reach its adjacent lands, the former regularly flooded wetlands that have been 
transformed into meadows and arable lands. These measures aim to combine safety, 
the restoration of floodplain functions (land accretion, recreation, water storage), and 
nature restoration of both riparian wetlands and permanently flooded marshes (Smits 
et al., 2000; van Stokkom et al., 2005). This appears, however, to be very difficult and 
often fails due to biogeochemical constraints related to water and soil quality, in 
addition to direct effects of flooding on the vegetation present (Lamers et al., 2006).
Plant response to flooding
Flooding of riverine areas can be an important stress factor for plants, when these 
cannot adapt to the adverse conditions during submergence. Reconnection of former 
river floodplains has been proposed as a measure to widen the riverbed for periods of 
high water discharge, but so far it is not known how the present meadow vegetation in 
these areas will respond to such a dramatic change in flooding regime.
Soil flooding leads to a switch of aerobic metabolism of plants into less efficient 
anaerobic fermentation, causing a fast depletion of carbohydrate reserves (Bailey- 
Serres and Voesenek, 2008) and, in intolerant species, ultimately in plant death (Fox et 
al., 1995; Gibbs and Greenway, 2003). Additionally, eutrophication and accumulation 
of reduced phytotoxins in the soil (see below) can have a negative impact on plants, 
causing, among others, growth retardation, reduction in leaf size, wilting of shoots and 
necrosis (Snowden and Wheeler, 1993; Moore and Reddy, 1994). In eutrophic areas 
this would eventually lead to die-off of characteristic species and development of fast- 
growing plants outcompeting others (Roelofs, 1991; Lamers et al., 1998a; Kotowski et 
al., 2006; Geurts et al., 2008). On the other hand, eutrophication may also lead to 
higher biomass production rates, which diminish toxicity effects due to dilution of 
these compounds in tissues, or due to stronger rhizospheric oxidation (Geurts et al., 
2009).
In response to the severity of flooding stress, riparian species developed a variety 
of strategies to resist flooding (Vartapetian and Jackson, 1997; Bailey-Serres and 
Voesenek, 2008). High metabolic activity may be avoided during submergence in order 
to lower energy demand (Geigenberger, 2003), thereby saving carbohydrate reserves. 
Alternatively, increased shoot elongation can restore the contact between the leaves 
and the atmosphere (Banga et al., 1995; Voesenek et al., 2004), which combined with 
improved internal gas transport via aerenchyma formation results in a sufficiently high 
oxygen status (Armstrong, 1972; Visser et al., 1996; McDonald et al., 2002; Colmer,
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2003). If the water surface cannot be reached, underwater photosynthesis may 
improve carbohydrate and oxygen concentrations (Laan and Blom, 1990; Vervuren et 
al., 1999; Mommer and Visser, 2005). Ultimately, survival during submergence will 
depend on the balance between costs and benefits of these acclimations, which are 
largely determined by timing, frequency, depth and duration of flooding (van Eck et al., 
2004, 2005; Voesenek et al., 2004), and also by the interaction between the 
floodwater properties and biochemical processes in the soil (van der Welle et al., 
2007).
Biogeochemical processes infloodplains
Wetlands may accumulate nutrients (e.g., via sedimentation, binding to soil particles 
and plant uptake), which can result in high biomass productivity and low biodiversity. 
However, they can also become significant sources of these substances, especially 
during flood peaks, which may have consequences for river water quality (Lamers et al. 
2006; Loeb et al., 2007). Next to water table fluctuation and timing/duration of 
flooding, there are two important biogeochemical stressors for the functioning and 
biodiversity of floodplains: eutrophication and changes in Acid Neutralizing Capacity 
(ANC) leading to alkalinization or acidification.
Processes related to soil aeration state
Under dry conditions oxygen is the most important terminal electron acceptor used by 
microorganisms for the decomposition of organic matter. However, the microbially 
governed processes in soils strongly depend on the soil aeration state, and flooding 
causes displacement of gases when soil pores are filled with water. The low diffusion 
rate of oxygen in this medium (which is 10,000 times slower than in air; Armstrong, 
1979) results in limitation of oxygen availability for plant roots, soil fauna and 
microorganisms, and for chemical processes (Glinski and St^pniewski, 1985).
After oxygen depletion, organic matter breakdown will still continue during 
flooding, coupled to the reduction of subsequent alternative terminal electron 
acceptors such as nitrate (NO3), manganese (Mn), iron (Fe), sulphate (SO42 ) and finally 
carbon dioxide (CO2) (Fig. 1) resulting in the mobilization of reduced (often toxic) 
substances such as nitrite, ammonium and sulphide. These processes generate 
different redox potentials (Eh) decreasing with more reductive conditions. However, 
these reactions partially overlap thermodynamically, and can also take place at the 
same time because the soil is a heterogeneous environment having many micro-sites 
where different reactions take place. Each reaction is governed by the certain 
community of microorganisms that compete for substrates (organic matter and 
electron acceptors). In that way the availability of the substrates is often a key-factor 
for the determination of the redox state of a soil (Laanbroek, 1990).
In addition, iron reduction leads to internal phosphate mobilization under 
flooded conditions (Patrick and Khalid, 1974; Laanbroek, 1990; Smolders et al., 2006a). 
In this way PO43- can be mobilized within the system without external input of P, 
leading to eutrophication of the water layer. This phenomenon, a type of internal 
eutrophication, is well documented (e.g. Roelofs, 1991; Smolders et al., 2006a; 
S0ndergaard et al., 2007).
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Fig. 1. Redox potential and the reduction of subsequent electron acceptors. The x-axis shows 
how many moles of the particular electron acceptor equal 1 mol of O2 with respect to 
decomposition. After Schlesinger (1997, modified).
The effects of temporal desiccation during water table fluctuation
While alkalinization is an acid consuming process, desiccation leads to the opposite 
situation. During drought soils and sediments become aerated which leads to the 
oxidation of previously reduced and potentially phytotoxic compounds. In this way 
sulphide deposits (metal-sulphides, e.g. FeSx including pyrite) are converted to SO42- 
and ammonium to nitrate, with concomitant proton generation. If the ANC of the 
sediment is insufficient, the pH will drop leading to mobilization of metals (including 
heavy metals) and influencing the vegetation composition (Portnoy, 1999; Lucassen et 
al., 2002, 2005). In addition, re-wetting of previously desiccated soils and sediments 
could potentially lead to stronger eutrophication due to higher SO42- concentrations in 
sediment pore water (Lamers et al., 1998b; Lucassen et al., 2005). On the other hand, 
however, oxidation will result in PO43" immobilization via its binding to oxidized Fe, and 
fluctuating water levels could promote nitrogen losses due to coupling of nitrification 
and denitrification (Berendse et al., 1994; Moore and Reddy, 1994; Smolders et al., 
2006a).
In this way, water table drawdown could provide an easy measure to reduce P 
and N concentrations in lakes and marshes in floodplains by more natural hydrological 
regime. This would be beneficial for plant biodiversity due to a shift from a turbid state 
dominated by algae or cyanobacteria to a clear water state dominated by submerged 
plants (Scheffer et al., 1993; Scheffer and van Nes, 2007). Discharge of base-rich 
groundwater can be valuable for counteracting both acidification (higher ANC) and 
eutrophication (immobilization of P by Fe and Ca) (Lucassen et al., 2005; Smolders et 
al., 2006b).
Role of water and soil quality
The composition of the flood water and soil characteristics may strongly interact 
with the biogeochemical effects of flooding (Swarzenski et al., 2008). For many years 
rivers served as open sewers, collecting all kinds of pollutants. In addition, leaching
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from agricultural lands and atmospheric deposition have contributed to water 
pollution (e.g. with sulphate, nitrate and phosphate).
Pollution of water with SO42” originates from atmospheric deposition, acid mine 
draining, agriculture, aerobic pyrite oxidation and chemolithotrophic denitrification 
(Lamers et al., 2001; Haaijer et al., 2006; Smolders et al., 2010). It may lead to 
increased P availability, by the interaction between produced sulphide (H2S) and Fe-P 
cycling (Sperber, 1958; Roden and Edmonds, 1997; Lamers et al., 1998a, 2002a; Zak et 
al., 2006) and possibly also by competition between SO42" and phosphate (PO43") for 
anion binding sites (Caraco et al., 1989). The reduction of SO42"generates alkalinity 
(bicarbonate, HCO3 ) and thereby decomposition and mineralization may increase even 
further leading to enhanced mobilization of nutrients (Roelofs, 1991; Smolders et al., 
2006a). Additional alkalinization can be caused by the influx of alkaline surface water 
or by agricultural liming of the catchment (Lamers et al., 1998a; Brouwer and Roelofs, 
2001).
The extent of P mobilization and ammonium (NH4+) accumulation, and the 
possible additional effect of SO42" during flooding largely depend on soil quality (Loeb 
et al., 2007). High levels of dissolved Fe can bind both PO43" and H2S, preventing P- 
related eutrophication and H2S toxicity (Smolders et al., 1995; Lamers et al., 2001). The 
level of PO43" mobilization has been shown to be related to the saturation of binding 
sites in the amorphous Fe pool rather than to the concentration of PO43" (Young and 
Ross, 2001; Loeb et al., 2008a). Although phosphorous is also bound to Al and CaCO3, 
these fractions are redox independent (Bostrom, 1988; Lamers et al., 2002b, 2006; 
Geurts et al., 2008).
Another nutrient, NO3", is also important in biogeochemical processes in flooded 
soil. It originates mainly from agriculture, nitrogen deposition and leaching from 
forests soils (Luccassen et al., 2004). When the subsoil is rich in FeSx NO3" may oxidize S 
to SO42" (as explained above), possibly causing problems downstream. However, high 
concentrations of NO3" may also prevent the reduction of Fe and SO42", as NO3" is a 
more favourable electron acceptor acting as a redox buffer, and may concomitantly 
lead to lower PO43" mobilization rates (Lucassen et al., 2004).
The scope of the project and outline of this thesis
I have carried out this PhD-project as part of the Polish-Dutch cooperation 
programme 'Integrated river management in the Vistula River basin' in order to study 
the possible options for restoration of the former floodplains and lakes along the 
Chodelka River. The floodplains along this tributary of the Middle Vistula River in 
Poland have been converted into agricultural lands in the past. In addition, there also 
lakes which are currently being used for fish production. The other projects of the 
programme relate to plant species response to changed hydrology, landscape and 
socio-economical aspects related to sustainable river management and land use. The 
research area is located in the middle part of the Vistula River in Poland (Fig. 2), in 
which local authorities plan to apply restoration and safety measures. The idea of the 
local authorities is to create water storage basins close to the Chodelka River. There 
are two options: the creation of a temporarily flooded area receiving flood peaks 
(scenario 1), or the creation of a permanently flooded fen (scenario 2). For my project, 
I would like to answer the general question if it would be possible to successfully
General Introduction
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combine safety measures with ecological restoration in the research area, and to 
define restoration strategies. This knowledge can also be used for similar riverine 
systems in Eastern Europe and elsewhere in the world.
Fig. 2. Map o the research area in Poland (1 -  Kosiorow Village where the water storage basin is 
planned, Chapters 2-4; 2 -  floodplain area, Chapter 4; 3 -  Bartkow tug Lake, Chapter 5).
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Nowadays we observe an increasing tendency of summer inundation events 
along rivers in Eastern Europe, which are expected to become even more frequent in 
the near future. There is an urgent need to study the effects of these events, especially 
because the microbial activity is faster at higher temperatures and flooding stress for 
current vegetation types is much more severe during the growing season. In Chapter 2 
we have studied the effects of short-term, shallow inundation of former floodplain 
soils cultivated as meadows (scenario 1). The tested soils differed in their nutrients 
levels due to way of cultivation, which is expected to have an impact on soil processes. 
We also hypothesized that the water quality may be important, especially because we 
measured high levels of SO42- and NO3- in the river water, which is known to have 
strong biogeochemical effects. We tested the effects in a mesocosm study under 
controlled conditions using sods from different meadows, and flooded them with 
different water compositions with respect to SO42- and NO3-. We were interested in the 
biogeochemical processes during inundation and subsequent desiccation, and in the 
response of the vegetation in terms of species composition.
The second scenario assumed permanent flooding of the same meadows with the 
same water qualities as before, in order to create floodplain fens. We have described 
this study in Chapter 3. We used a 9-month period to include all seasons of the year 
under natural light, temperature and humidity conditions. In this experiment we have 
also analysed vegetation growth and composition over time, and possible nutrient 
limitation.
The studied meadows were initially dominated by terrestrial plant species which 
were probably not adapted to flooded conditions. To test the effects of flooding on the 
current species, we grew a selected number of them from collected seeds and exposed 
the plants to complete submergence for different periods of time. After analysis of 
plant survival, morphological and biomass changes were determined and there 
implications for the composition of the meadows after 3 or 6 weeks of complete 
inundation (Chapter 4).
Many lakes in former floodplains are severely affected by human activities 
including pollution, agriculture and fish cultivation, which have caused the decline of 
natural vegetation. Chapter 5 deals with possible ecological measures that can be used 
for the improvement of water quality and biodiversity of a selected lake that is 
currently being used as a fish pond and fed by river water. For this feasibility study, we 
used a combined approach of field research and experimental research in the 
laboratory. Field data allowed us to know the actual water quality and hydrology. 
Aquarium experiments were carried out with collected sediment and different water 
qualities (alkalinity and SO42-). We also tested the effects of temporal desiccation 
(water table fluctuation) on nutrient availability in water and sediment. Finally, we 
studied of the impact of Fe addition in order to internally immobilize P.
Chapter 6 provides a synthesis of the preceding chapters in order to draw 
conclusions with respect to the different research questions related to the ecological 
restoration of riverine floodplains. It is also meant to help local and regional water 
managers and nature managers to make decisions in order to combine flooding 
protection and nature restoration along rivers, especially in Eastern European 
countries.
General Introduction
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Abstract
The frequency of summer flood events has strongly increased in Eastern Europe during 
the last decades. The creation of water storage areas to avoid flooding is often 
combined with the recreation of more natural and biodiverse riverine systems. This 
urges the need to understand the consequences of summer inundation, when 
microbial activity is significantly higher than during winter inundation, for floodplain 
biogeochemistry.
In order to test the interacting effects of temporal flooding, water quality and 
agricultural use we used a mesocosm design with sods including vegetation from an 
area along a tributary of the Vistula River, where water storage compartments have 
been planned. Concentrations of nitrate and sulphate in the flood water, expected to 
interfere with soil redox processes, were varied at environmentally relevant 
concentrations.
Inundation led to increased nutrient mobilization in all treatments, particularly 
for phosphate which reached very high concentrations in both soil water (200-300 
^mol l 1) and overlaying surface water (25-35 ^mol l 1) as a result of iron reduction. 
The response was clearly linked to different soil characteristics like the Olsen P 
concentration, probably caused by varying kind of land use. Unexpectedly, the flood 
water quality played a less important role in the response to short-term flooding. This 
could partly be explained by the relatively low infiltration rate into these waterlogged 
soils, indicating the importance of local hydrology.
The findings of this study are important to understand and predict the effects of 
(more frequent) summer flooding of Eastern European rivers. It also indicates that it is 
necessary to take into account the soil quality in assessing the consequences of 
planned measures on biodiversity and ecosystem functioning.
Introduction
Pristine floodplain areas along rivers are among the most biodiverse environments at a 
global scale. In addition, they offer several functions including flood control, mitigation 
of pollutants and nutrients, sediment accretion, control of erosion, groundwater 
recharge and water supply (Hartig et al., 1997; Tockner and Stanford, 2002). However, 
river regulation, wastewater discharge and intensive agriculture have caused strong 
changes and nowadays floodplains are among the most altered landscapes worldwide 
and have become species-poor, over-fertilized, and polluted (Nienhuis et al., 2002; 
Tockner and Stanford, 2002).
During the last decades there has been an increasing tendency of flood events in 
Europe that were mainly caused by heavy precipitation events, which is probably 
related to climate change (Bronstert, 2003; Linnerooth-Bayer and Amendola, 2003; 
Mitchell, 2003; Ulbrich et al., 2003; Kundzewicz, 2005). Especially in Eastern European 
countries, including Poland, frequencies of peak discharges and summer flooding have 
significantly increased, even though these rivers are much less regulated than in 
Western Europe. Severe and dangerous summer flood events occurred in 1997 (Odra 
and Vistula River), 2001 (Vistula River) and 2002 (Elbe) due to intensive precipitation 
(Kundzewicz, 2005; Kundzewicz et al., 2005; EEA, 2007).
Chapter 2
14
Flooding events may cause significant economic damage and casualties in 
inhabited, industrial and agricultural areas of the floodplains. These disasters show the 
necessity of finding new solutions, because raising dikes and levies does not seem to 
support efficient protection anymore. New strategies have been proposed, such as the 
re-creation of more natural riverine systems, by allowing more space for the rivers 
(Smits et al., 2000; Van Stokkom et al., 2005). In this model the river can again reach its 
adjacent lands, the former regularly flooded wetlands that have been transformed into 
meadows and arable lands. In this way, these areas can be used for temporary storage 
of surplus water during peak discharge.
Wetlands may accumulate nutrients (e.g., via sedimentation, binding to soil 
particles and plant uptake) which can result in high biomass productivity and low 
biodiversity. However, they can also become significant sources of these substances, 
especially during flood peaks which may have severe consequences for river water 
quality (Lamers et al., 2006; Loeb et al., 2007). As a result of flooding, huge amounts of 
phosphate can be mobilized and potentially phytotoxic, reduced compounds such as 
sulphide, nitrite or ammonium may accumulate, strongly influencing vegetation 
development (Snowden and Wheeler, 1993; Moore and Reddy, 1994; Lucassen et al., 
2000, 2002).
Phosphorus eutrophication resulting from flooding can be regulated by P 
saturation in the soil, interacting with floodwater chemistry. In floodplain soils 
containing high amounts of organic matter, sulphate is known to increase the 
mobilization of phosphate, as has been shown for fens including riverine marshes 
(Lamers et al., 2006; Loeb et al., 2007). In contrast, high nitrate concentrations in the 
surface water of polluted rivers may mitigate phosphate mobilization, as nitrate is a 
more favourable electron acceptor than iron or sulphate in microbial redox reactions 
(Lucassen et al., 2004; Lamers et al., 2006).
Water management in many countries including Poland is mainly based on dike 
protection. However, the recent events have proved that there is a strong need for 
floodwater storage basins in order to cope with the intensification of flooding risks, 
e.g., along the Vistula River (Kuzniar et al., 2002). This restoration strategy is often 
combined with the re-creation of biodiverse wetlands as a target. This appears, 
however, to be very difficult and often fails due to biogeochemical constraints related 
to water and soil quality, in addition to direct effects of flooding on the vegetation 
present (Lamers et al., 2006). The present paper will therefore focus on the 
consequences of summer inundation, when microbial conversion rates are higher than 
during winter flooding, on the biogeochemistry of floodplains in relation to land use 
(fertilization) and water quality (sulphate and nitrate), as these factors are 
hypothesized to be constraints. The presumably important interaction between water 
and soil quality has received little attention in other studies, and does not only 
generate information about the biogeochemical processes involved, but it also 
provides a feasibility assessment for the creation of water storage areas in general, 
and for the specific location along the tributary of the Vistula in Poland in particular.
To be able to study the effects of flood events under controlled conditions, we 
used a mesocosm approach with sods from two adjacent locations differing with 
respect to the kind of land use. We investigated if 1-month inundation leads to 
significant changes in nutrient availability, both in soil water and in surface water, and
Effects of summer flooding on floodplain biogeochemistry in Poland
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how this is related to surface water composition (sulphate, nitrate) and soil quality. 
The outcome of the experiment has important implications for the combination of 
wetland creation and increased floodwater storage in spring and summer, not only 
with respect to the biogeochemical key processes that may form constraints for nature 
management and water management, but also for the choice of suitable locations.
Materials and methods
Research area
For our study, we selected a former floodplain area (Kosiorow Village, 51° 13' N; 21° 
51' E; Fig. 1) in Poland along Chodelka River, a tributary of the middle part of the 
Vistula River which showed an increased frequency of summer flooding during the last 
decade. This location has been proposed as a storage basin to take back-flowing water 
from the Vistula during peaks of discharge. We selected two neighbouring agricultural 
meadows located close to the river that show clear differences in fertilization history, 
which is expected to influence the biogeochemical response to flooding as suggested 
in the introduction (Table 1). Both locations are representative for this area and 
comprise of species-rich grasslands with Deschampsia cespitosa L. and Holcus lanatus 
L. as dominant plant species.
Chapter 2
Fig. 1. Location of the sampling area (diamond) in Poland.
The first meadow is cultivated for hay-making (hayland - coded HAY), fertilized with 
nitrogen, phosphorus and potassium at unknown dosage and mowed twice a year, in 
spring and summer. The second grassland is less fertilized, remains unmowed but is 
grazed (pasture - PAS) at a low density of 1 animal per ha. Both meadows show the 
same peaty soil type (upper 20 cm: 40-50% organic matter; with the inorganic fraction 
comprising 38-44% sand, 8-12% silt and 4% clay) with the water table 30 cm below 
the soil surface at average. The hayland soil contained less organic matter and the 
water content was lower (Table 1). The concentration of Olsen P, as an estimate of 
plant available P, was two times higher whilst the labile P-fraction was almost six times 
higher in the HAY soil. Olsen-extractable P was, however, high at both locations, 
suggesting that the pasture has also been fertilized in the past although this may also 
be partly the result of increased peat decomposition and P mineralization. Total 
concentration of P did not differ between both locations. Both soils were characterized 
by high iron concentrations (for both total and amorphic iron), but PAS showed much
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lower iron/aluminium bound P (p<0.001). Nitrate concentrations were higher on this 
location, while total sulphur concentrations were lower (Table 1).
Table 1. Soil characteristics for both tested soils; concentrations are given in ^mol l 1 
of bulk soil.
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Characteristics Pasture Hayland Sign
W ater content 50 (2) 37 (2) ***
Organic m atter 54 (1) 41 (3) ***
Bulk density 0.28 (0.01) 0.42 (0.02)
pH 6.4 (0-2) 6.2 (0.1) NS
Total S 40,858 (1,776) 52,321 (4,376) *
NOj a 2,236 (232) 946 (107)
N H j b 180 (24) 279 (76) NS
Olsen P 1,863 (238) 3,818 (435)
Total P 8,833 (482) 10,508 (886) NS
Am orphous Pe 78,140 (3,393) 76,671 (8,668) NS
Total Fe 100,982 (5,094) 117,560 (10,480) NS
Total Fe:P 11.6 (0.4) 11.0 (0.9) NS
(Pe minus S):P 6.9 (0.4) 6.1 (0-6) NS
Labile P fraction 16 (1) 90 (10) * *  £
Ffe/Al bound P 760 (37) 1,631 (147)
Ca bound P 2,981 (119) 3,178 (417) NS
Organic P 5,077 (383) 5,609 (484) NS
Means are given, with their SEMs. Moisture and organic matter contents are expressed in %, bulk density 
in g of dry soil per ml of fresh soil 
a Water extractable nitrate 
b NaCl extractable ammonium 
* p<0.05; ** p<0.01; *** p<0.001; NS non-significant
Experimental design
In total, forty sods (30x30x12 cm; 20 per sub-location) with living vegetation were 
collected and transported in plastic containers to the laboratory in Nijmegen, The 
Netherlands. Each of the sods was fitted into a separate glass container (25x25x30 cm) 
placed in a climate controlled room at a constant flux of 100 ^mol m 2 s-1 (PAR) with a 
16-h day-light photoperiod (five 400 W  high pressure metal-halide lamps HPI-T, Philips, 
Eindhoven, The Netherlands), an ambient air temperature of 17°C and a relative air 
humidity of 60%.
The sods were divided into five experimental groups for both sub-locations (n=4 
for each meadow, randomly distributed), of which four were flooded with different 
water qualities, and the fifth represented a non flooded control. We applied the 
following water treatments: flooded control (Cfl) based on the Chodelka River water 
quality, enriched with nitrate (N), sulphate (S) or the combination of NO3 and SO4 (SN) 
(Table 2).
The last treatment reflected conditions without flooding (moist control, Cm). The 
Cm sods were watered weekly with artificial rainwater containing 5 mg l 1 of sea-salt,
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(Wiegandt GmbH, Krefeld, Germany) in order to keep the groundwater level at 10 cm 
below soil surface to avoid desiccation of the sods. Table 2 shows the different 
treatments, for which analytical grade purity chemicals (Fluka, Germany) and 
demineralized water were used. Each flooded sod received water from a separate 
stock by means of a flow-through system (peristaltic pumps Masterflex 7568-10, Cole- 
Parmer, Vernon Hills, IL, USA with black silicone tubes) at a flow speed of 60 ml h 1 (10 l 
week-1). The level of the floodwater above the soil was 20 cm, resembling shallow 
flooding. The mesocosm experiment was conducted over 14 weeks with the following 
stages: 2 weeks of acclimatization, 5 weeks of inundation, followed by 7 weeks without 
flooding.
Table 2. Chemical composition (concentrations in ^mol l-1) of artificial flood-water for
each treatment.
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Salt SN s N Cfl
CaCli-2H;0 610 610 610 610
KC1 240 240 240 240
MgCl2-6H20 75 75 75 75
Na2S04 1,000 1,000 100 100
NaN03 1,000 25 1,000 25
NaHCOj 2,000 2,000 2,000 2,000
NaCl 0 975 1,800 2,775
S sulphate; N nitrate; Cfl flooded control
Measurements and chemical analyses
Soil texture was determined based on Bouyoucos aereometric method (Plaster, 1997) 
using a Soil Texture Diagram, water content by drying soil samples at 105°C (24 h), and 
organic matter content by loss-on-ignition (550°C, 4 h). Several soil extractions were 
performed on fresh soil samples, corrected afterwards for moisture content, to 
estimate levels of plant available P (5 g soil in 100 ml of 0.5 NaHCO3; Olsen et al., 1954) 
and N (0.2 M NaCl-extractable-ammonium and water-extractable nitrate, both 35 g soil 
in 100 ml of extractant). The concentration of amorphous iron was estimated by 
oxalate extraction (2.5 g soil in the 30 ml mixture of (COONH4)2 H2O and (COOH2) 
■2H2O; Schwertmann, 1964). Finally, soil P fractions were estimated using the method 
described by Golterman (1996). In this sequential method, labile P (1 M NH4Cl), Fe- and 
Al-bound P (mixture of 0.05 M Ca-EDTA, CaCl2 and Na-dithionite), and Ca-bound P (0.1 
M Na-EDTA) fractions were extracted followed by acid digestion to estimate P bound 
to organic matter. In addition, total element concentrations were measured after 
digestion of 200 mg samples in a mixture of concentrated HNO3 and 30% H2O2 (4+1 ml) 
using a Milestone microwave MLS 1200 Mega system.
Soil Eh7 was determined using platinum wire electrodes (n=5) and a glass Ag/AgCl 
reference electrode at a depth of 5 cm below soil surface. Obtained values were 
corrected to the potential relative to the normal hydrogen reference electrode at pH 7.
In order to monitor soil water chemistry, two soil water samplers (Rhizon SMS-10 
cm; Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) were placed 
diagonally between 5 and 10 cm depth in the soil of each container, and connected to 
black silicone tubes. Soil water was collected anaerobically using syringes (50 ml) for
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vacuum suction. The first 10 ml was discarded in order to remove internal stagnant 
water. Both subsamples were pooled and used for all required analyses. Surface water 
samples from each compartment were collected into 500 ml polyethylene bottles. 
Samples were taken immediately after flooding, and after 1, 2, 4, 6 and 11 weeks for 
soil water, or after 1, 2 and 4 weeks for surface water.
The concentration of free sulphide in the soil water was estimated in 10.5 ml of 
subsample fixed immediately after collection with 10.5 ml of a sulphide antioxidant 
buffer (Van Gemerden, 1984). For this measurement a sulphide ion-selective Ag- 
electrode and a double junction calomel reference electrode were used (Roelofs, 
1991).
Soil water pH was measured with a combined pH electrode (Orion Research, 
Beverly, CA, USA). Alkalinity of soil- and surface water was determined by titrating 10 
ml of sample with 0.01 M HCl down to a pH of 4.2 (TIM800 pH-meter with the above 
mentioned pH-electrode and a ABU901 Autoburette, Radiometer Copenhagen, 
Denmark). The turbidity (NTU, Nephelometric Turbidity Units) of the surface water was 
estimated using a WTW turbidity meter Turb550 (Weilheim, Germany). The remaining 
volume was filtered over a Whatman microfiber filter type GF/C (Whatman, Brentford, 
UK), and, after the addition of citric acid to a final concentration of 0.125 g l 1 to 
prevent precipitation of metals, stored in 100 ml iodated polyethylene bottles at -28°C 
until further analysis.
The concentrations of chloride, soluble reactive phosphorus (SRP), nitrate and 
ammonium were determined colorimetrically in all water samples using Auto Analyser 
3 System (Bran+Luebbe, Norderstedt, Germany). SRP was analysed according to 
Henriksen (1965) with ammonium molybdate. Ammonium and nitrate were measured 
using, respectively, hydrazine sulphate (Kamphake et al., 1967) and salicylate 
(Grasshoff and Johannsen, 1972) and chloride concentration using feriammonium 
sulphate (O'Brien, 1962). The results were corrected for colour caused by humic 
substances (Shizmadzu UV-120-01 spectrophotometer, Kyoto, Japan, colour measured 
at 450 nm) for soil water samples. The total concentrations of Al, Ca, Mg, Mn, Fe, K, S, 
and Zn in soil water and surface water were analysed by means of inductively coupled 
plasma optical emission spectrometry (ICP-OES, IRIS Intrepid II, Thermo Electron 
Corporation, Franklin, MA, USA).
The concentrations of CO2 and CH4 were determined by collecting soil water 
samples into vacuumed infusion flasks (30 ml) and correcting for the headspace 
volume. Gas concentrations were measured using infrared carbon analyser (0525 HR 
Oceanography International Analytical, College Station, TX, USA).
Vegetation
Total vegetation cover [%] was estimated at the beginning and the end of the 
experiment, and individuals of each species were counted. Additionally, algae cover 
[%] at the end of the flooding phase was determined.
Data Analysis
Obtained results were statistically processed by means of SPSS for Windows (SPSS 
15.0, 2006, Chicago, IL, USA). For soil and water chemistry data, an ln(x+1) 
transformation was applied in order to make the data fit better to the normal
Effects of summer flooding on floodplain biogeochemistry in Poland
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distribution and to make the variances less dependent of the sample means. 
Vegetation cover and algae cover were arcsin sqrt transformed and species number 
was log(x+1) transformed.
Relationships between variables (only for flooded treatments during period of 
inundation, i.e., during 5 weeks) were tested by calculating Spearman's rho correlation 
coefficient (rs) due to differences between sizes of variables, and regression lines were 
fitted. Asterisks indicate significance of correlations: * p<0.05, ** p<0.01, *** p<0.001).
The repeated measures ANOVA mixed designs (GLM 5) procedure was used in 
order to test the effects of different water qualities (only flooded treatments were 
tested) during 1-month inundation for both tested meadows. If the assumption of 
sphericity was not met, an appropriate correction was used according to the values of 
the Greenhouse or Huynh-Feldt test statistics (Field, 2005). Tukey HSD (homogeneity 
of variances assumed) or Games-Howell procedure (homogeneity of variances not 
assumed) were used as post hoc tests.
The effects of flooding itself in comparison with moist controls were tested 
performing one-way ANOVA (GLM 1) with Tukey or Games-Howell post hoc test for 
the last week of inundation. Differences between soil characteristics were assessed 
using independent samples t-test.
To test the impact of flooding on vegetation, we compared the means of values 
measured in moist (Cm) and flooded (Cfl) controls, whereas to test the effects of 
composition of flood water we used Cfl as a control treatment (Cm was not included), 
using repeated measures mixed models analysis (GLM 5), except for algae cover where 
one-way ANOVA was applied. The same steps were taken to meet the assumptions 
(i.e., sphericity, post hocs).
Significance was accepted when the p-value was < 0.05. For better clarity, all data 
are presented as means of non-transformed variables ± standard error of the mean 
(SEM).
Results
Changes in soil water
At the onset of the experiment the soil of all sods showed aerobic conditions (Eh7=650 
mV) with low levels of Fe, soluble reactive phosphorus (SRP) and ammonium, and an 
alkalinity below 1 meq l 1 (pH 6.0). Flooding led to anaerobic conditions (Eh7=105 mV, 
p<0.001) in comparison to Cm. The observed changes of the Eh7 in the flooded soils 
could be linked to reduction of NO3" (first 2 weeks, Eh>200 mV) followed by Fe 
reduction. When the water table was lowered again, Eh7 started to rise and returned 
to the initial values after 1 month of desiccation (Fig. 2). The alkalinity of the soil water 
had increased fivefold in all inundated treatments after 4 weeks (Fig. 2, p<0.001). The 
values for the moist control sods (Cm) remained unchanged, and were significantly 
different from the flooded treatments (p<0.001). There were no significant differences 
between SN, S and N treatments for both soils (p=0.23). The lowering of the water 
tables stopped this alkalinization process, and values returned to their initial low levels 
equal to the moist control. Soil water pH varied between 5 and 6.7, without 
differences among flooding treatments or between meadows (results not shown).
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Fig. 2. Changes of selected parameters in both tested soils. Black squares represent 
treatment with both sulphate and nitrate addition (SN), gray squares sulphate alone 
(S), triangles nitrate alone (N), open squares flooded controls (Cfl) and crosses moist 
controls (Cm). Error bars represent the standard error of mean (n=4).
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During the period of inundation, a significant (p<0.001) increase of CO2 plus dissolved 
carbonates (total inorganic carbon, TIC) occurred in the soil water, ranging between 
1500 and 3000 ^mol l 1, whereas moist controls showed significantly lower values 
(p<0.001). Lowering of the water table resulted in a fast, significant decrease to control 
levels (results not shown). During the whole period, there was hardly any methane 
detectable in the soil water, with exception of one small peak of 6-10 ^mol l 1 in the 
6th week for S and N treatments.
At the beginning, levels of nitrate in the soil water ranged between 1000-2000 
and 300-600 ^mol l 1 in PAS and HAY, respectively, for all treatments (Fig. 2). During 
inundation, concentrations of nitrate in the soil water dropped very fast to 1-20 ^mol
l 1, but after lowering of the water table at the end of the experiment nitrate showed a 
strong increase to high levels around 3000 and 5500 ^mol l 1 for the PAS and HAY 
meadows, respectively (p<0.001). We observed differences in nitrate depletion: in PAS 
nitrate disappeared within 2 weeks whilst for HAY much lower concentrations were 
already reached after 1 week of the experiment.
At the end of the inundation period, ammonium levels in inundated sods were 
significantly higher than those measured in the moist controls (p<0.001). Both 
meadows significantly differed in their response: HAY showed a much stronger 
increase than PAS (time and land use interaction, p<0.001, Table 3). One week after 
the water table was drawn down again the ammonium concentrations amounted to 
600 and 1200 ^mol l 1 in PAS and HAY, respectively (Fig. 2; Table 3; p<0.001), after 
which they decreased to low values, equal to the controls.
Iron concentrations rose during flooding from around 10 to 400-450 ^mol l 1 6 
weeks after the onset of the experiment (Fig. 2; p<0.001), with significantly higher 
concentrations of mobilized Fe for the hayland. Lowering of the water table resulted in 
Fe depletion of the soil water, and concentrations were comparable with moist 
controls after 6-11 weeks. These controls had significantly lower levels of mobilized 
iron (p<0.001) in comparison to all flooded treatments.
SRP concentrations in the soil water increased strongly during flooding, showing a 
significant influence of the type of land use. Values for the hayland were twice as high 
as for the pasture (Fig. 2), indicated by significant time x land-use interaction and the 
effect of land use alone (both p<0.001). The highest SRP concentrations reached levels 
of 200-300 ^mol l-1. There was, however, no significant effect of floodwater quality 
(p=0.10). SRP was lower in moist controls compared to the flooded treatment (1-3 
^mol l-1, p<0.001). The lag phase of P-mobilization for the pasture only started after 2 
weeks whilst in the hayland it took place immediately after submergence (1st week, 
Fig. 2). After lowering the water table, the SRP concentrations further increased during 
the first week, but subsequently returned to moist control values. SRP concentrations 
were positively correlated with Fe (rs=0.82**) and negatively with NO3- in soil water 
(rs=-0.63**, Fig. 3).
Sulphate levels in the soil water were significantly higher in the treatments where 
it was introduced (1400-1500 ^mol l-1, p<0.001) for both soil types, and decreased to 
200-600 ^mol l-1 after 2 weeks of flooding, after nitrate had been depleted. After 
lowering the water table, sulphate increased to 850 ^mol l-1 for the S and SN 
treatments (data not shown). Although Eh7 values stayed above 0 mV, we measured 
some sulphide in the soil water, at very low concentrations with maximum values of
Chapter 2
22
Effects of summer flooding on floodplain biogeochemistry in Poland
about 4 ^mol l" (sulphate enriched waters) after 5 weeks of inundation. Sulphide 
concentrations stayed low (<1 ^mol l"1) in treatments without sulphate addition. 
Significant differences were noted only for the SN treatment in comparison with the 
treatments without sulphate addition (p<0.01, Table 3). It was clear, however, that 
sulphide concentrations were strongly, positively (rs=0.80**) correlated with SRP in soil 
water.
Hayland (f)
SN
Cfl 
Cm
Fig. 2. continued.
Changes in surface water
Flooding resulted in a strong, significant increase of the turbidity of the surface water 
in all treatments, from values around 2 to maximum values around 12 NTU (data not 
shown, p<0.001), without differences between treatments or land use. The alkalinity 
increased slowly during 5 weeks of inundation from 2.5 to 3.5 meq l 1 and pH varied 
between 7.1 and 7.6, both without differences between treatments (data not shown). 
Changes in water turbidity were correlated with alkalinity (rs=0.77**), SRP (rs=0.70**), 
sulphide (rs=0.60**) and iron (rs=0.59**) in soil water. Turbidity also correlated with 
concentrations of SRP (rs=0.56**) and iron (rs=0.52**) in the surface water.
Nitrate concentrations decreased strongly after 2 weeks of inundation and 
remained below the added concentration of 1 mmol l 1 until the end of the flooding 
period, at the through-flow speed used (maximum values 200-400 ^mol l 1, Fig. 2; 
p<0.001). Concentrations were higher in the nitrate treatments (p<0.001, Table 3)
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compared to the other treatments, which resulted in the interactions presented in 
Table 3. Sulphate concentrations in the surface water, in contrast, remained more or 
less at the added level (results not shown). The concentration of this ion in the water 
layer was not correlated with other factors.
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Table 3 Results of time (T) effects and their interactions with land use (L), and 
treatment (Tr) for the flooded soils during the flooding period, examined by means of 
repeated measures mixed models analysis.
Time (7) T x  L F  x Tr T  x  L x Tr L Tr i » T r
Soil (water) 
Eh7 328.48*** 3.44* 334** 1.36ns 0,17NS 1 ,90ns 0.35ns
Alkalinity 348.46*** 1.77NS 0.45ns 0.27ns 1.73ns 1.53ns 0.89ns
TIC 93.90*** 1.19ns 0.40ns 0.56ns 0.91NS 1 ,26ns 1 60ns
n o 3~ 271.16*** 39.75*** 3.49** 1.78ns 57.48*** 4.96ns 0.68ns
N H ,+ 8.34*** 8.29*** 1.40NS 2J>5 ® 1.34ns 0.26ns 0.33ns
SRP 363.76*** 5.95** 0.39ns 0.83NS 40.42*** 2.32ns 0.33ns
Fe 35139*** 18.05*** 1.1 5ns 1.27ns 11.98** 1 ,16ns 2.08ns
so,1- 83.11*** 5.82* 5.24** 0.24ns 1 .25ns 22.17*** 2.50ns
HjS 89.23*** NC I.58ns NC NC 8.45** NC
Surface water 
Turbidity 223.76*** 0.04NS 0.81ns 2.86* 0.20NS 0.41ns 0.84ns
N 0 3" 68.16*** 6.13** 3.63** 2.23* 3.58ns 67.88*** 0.98ns
NH4+ 141 JO*** 4.52* 14.70*** 1.19NS 20.47*** 17.72*** 0.95ns
SRP 26939*** 5.67** 1.96ns 0.79 Ns 13.68** 3.56* 1.22ns
Fe 180.22*** 5.13** 3.40** 2.68* 0.34ns 5.65** 4.18*
so„5_ 7035*** 2.34NS 15.42*** 1.02ns 0.16ns 379.68*** 0.22ns
F-ratios and their levels of significance are given (n=4). * p<0.05; ** p<0.01; *** p<0.001; NS non-significant, 
NC not calculated due to missing data. Bold values indicate significant differences
Ammonium decreased over time, from 100-150 to 50 ^mol l-1 and lower values 
(p<0.001). We observed differences due to water quality and type of land use (both 
p<0.001). The highest levels in the surface water were measured in the N treatment, 
followed by the SN treatment, and the lowest for S and Cfl treatments (data not 
shown). PAS soils had significantly higher ammonium levels in the surface water than 
HAY soils.
There was a strong phosphate mobilization from the soil to the overlying water 
layer after 1 week, with very high concentrations of SRP in the range of 20-35 ^mol l-1, 
and subsequently showing a decreasing trend (p<0.001). The lowest mobilization took 
place in the N treatments, especially in PAS sods (5-25 ^mol l-1, Fig. 2), for which it was 
significantly lower in comparison to the SN treatment (p<0.05). The HAY soils showed 
significantly higher P mobilization to the water layer than the PAS soils (p<0.01, Table
3). This process was accompanied by iron release (up to 15 ^mol l-1, p<0.001). The 
strongest Fe mobilization occurred in the treatments with sulphate (data not shown), 
which was significantly different from the N treatment (p<0.001).
24
Effects of summer flooding on floodplain biogeochemistry in Poland
y = 167.75x"™, R2 = 0.50 
p<0.001
Type o f land-use 
O Pasture 
O  Hayland
2000 
N03 [Mmol I"
Fig. 3. Relation between redox potential corrected to pH 7 (Eh7) and alkalinity (a) and 
phosphate (b), between nitrate and phosphate concentrations (c), and between iron 
and phosphate (d) in soil water during inundation (n=128). Open symbols represent 
pasture, closed hayland.
Vegetation changes
The comparison of the moist controls (Cm) and flooded controls (Cfl) showed that the 
partial submergence of the terrestrial vegetation resulted in a significant decrease (50­
90%) of the vegetation cover as a result of flooding (p<0.001, results not shown), 
without differences between the different groups. The percentages decrease 
(compared to the initial values) ranged between 50 and 85% after 6 weeks of the 
experiment (results not shown).
Discussion
Effects of inundation on biogeochemistry
Flooding affected soil microbial processes involved in element cycling thereby 
changing the redox state of the soil (Laanbroek, 1990). Although oxygen is rapidly 
depleted, organic matter breakdown will still continue during flooding, coupled to the 
reduction of alternative electron acceptors (Glinski and Stqpniewski, 1985). The 
concomitant mobilization of nutrients such as phosphate, ammonium and iron was 
shown to be largely dependent on pre-existing soil nutrient status, interacting to some 
extent with water quality (Lamers et al., 2001, Loeb et al., 2007).
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The most drastic effect of inundation was the eutrophication of soil and surface 
water with phosphate (SRP) in all flooding treatments for both soils, causing strong 
development of filamentous algae (up to 20-80% of the compartment surface). Other 
studies (Boon, 2006; Aldous et al., 2007) have shown that there may already be an 
immediate release of P within the first 48 h of flooding due to redox processes or 
microbial lysis. There was a significant interaction with the concentration of Olsen P, as 
HAY showed a much stronger response in algal development than PAS (p<0.05). 
Unexpectedly, the quality of the flooding water turned to be less important than this 
redox process related to iron reduction and concomitant P mobilization.
This type of eutrophication resulting from increased mobilization within the 
system and not from increased influx of nutrients, is called internal eutrophication. The 
phenomenon has been well described for fens and floodplains (e.g. Roelofs, 1991; 
Lamers et al., 1998; 2002; Smolders et al., 2006; Loeb et al., 2007). In our experiment, 
redox related processes (particularly iron reduction; St^pniewski et al., 2005; Smolders 
et al., 2006) appeared to be the main driver of eutrophication. The mobilization of 
phosphate in the soil water turned out to be very high, but started only after depletion 
of nitrate, being the most favourable electron acceptor under anoxic conditions. This 
depletion was caused by nitrate reduction (denitrification, and possibly also 
dissimilatory nitrate reduction to ammonium, DNRA) and plant uptake. Interactions 
among nitrate, iron and phosphorus cycling can explain this phenomenon. In nitrate- 
poor soils, iron reduction leads to P mobilization from iron binding sites (Lucassen et 
al., 2004). In addition, decomposition may have contributed to the observed 
eutrophication, as inorganic carbon compounds accumulated due to anaerobic 
decomposition and accumulation.
The higher level of eutrophication for the hayland appeared to be related to 
higher Olsen-P and Fe/Al-bound P concentrations, most probably resulting from 
stronger fertilization. However, both meadows showed high concentrations of 
accumulated plant available P, exceeding the reference value of 250 ^mol Olsen-P l-1 
DW for unfertilized soils (Lamers et al., 2006; Smolders et al., 2008). This means that 
the pasture had also been fertilized in the past. Such high values have also been found 
both in former and in present agricultural and riverine areas (Lamers et al., 2006; Loeb 
et al., 2007). Loeb et al. (2008b) showed that the rate of phosphate mobilization in 
floodplain soils could be predicted by the phosphate saturation of the iron binding 
sites in the soil, reflected by the pool of amorphous iron. In the present experiment, 
both soils were characterized by equal concentrations of both amorphous and total 
iron (as was expected for adjacent pastures), but differed in their P saturation values. 
In addition, the labile P fraction had significantly greater values for the hayland soil 
(Table 1). Several studies showed that phosphate sorption to iron and iron 
(hydr)oxides is of major importance in the redox-related phosphate kinetics of flooded 
soils, in contrast to calcium bound P (Patrick and Khalid, 1974; Zak et al., 2004; Loeb et 
al., 2007). There was no difference for Ca-bound P between PAS soil and HAY soil. 
Although calcium may play a role in P immobilization after its release, we did not find 
differences between soils and treatments.
The ratio of Fe and P in the soil may be used as an indicator of P saturation. Other 
studies showed threshold values of 8-12 mol mol1 for total sediment ratios, below 
which P mobilization strongly increased (Jensen et al., 1992; Ramm and Scheps, 1997).
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We found average values around 12 for total Fe:P, indicating that P mobilization from 
Fe is very likely, even though the concentration of Fe/Al-bound P is much lower than 
that of total P. The concomitant release of Fe and P in soil water during inundation still 
suggests that Fe bound P was released. Furthermore, a large fraction of Fe in the soil 
seems to be bound to sulphur (FeSx) and is therefore not available for P-binding; the 
ratio between (Fe minus S) and P is 6-7. Another indicator of phosphate release to the 
surface water may be the Fe:PO4 ratio in the soil water. Several authors (Smolders et 
al., 2001; Zak et al., 2004; Geurts et al., 2008) showed that values lower than 1-3 (mol 
mol-1) in the anaerobic soil water corresponded to strong PO4 release from the soil to 
the surface water. In our experiment, we found the same correlation between this 
ratio and phosphate (SRP) levels in the surface water. Iron precipitation at the soil 
surface may have been hindered either through partially anoxic conditions or due to 
stable dissolved Fe-(P) humic complexes. The ratios differed between soils and 
treatments; HAY showed significantly lower values (p<0.05). The initial ratios between 
Fe and P in the soil water were, however, around 14 (ranging between 5 and 22), 
which is higher than the threshold values mentioned above. This can probably be 
explained by the fact that the soil water was aerated before flooding, unlike the other 
studies. The results, taken together, indicate that iron reduction and P saturation may 
have been important factors to explain the observed phosphate eutrophication. This 
was also demonstrated by the strongly significant correlation between iron and SRP in 
the soil water (rs=0.82***, R2=0.65). In addition to this mechanism, the release of 
microbially bound P (Turner and Haygarth, 2001) may also be involved.
Limited role of surface water quality
When the supply of nitrate is high, phosphate mobilization as a result of iron reduction 
may not occur, as nitrate is a more favourable electron acceptor than Fe. Surprisingly, 
we did not observe lower iron mobilization rates (which should have been indicated by 
lower iron concentrations) as a result of additional nitrate supply, as was found in fens 
into which nitrate rich groundwater discharged (Lucassen et al., 2004). Although 
chloride values in soil water showed full infiltration after 2 weeks of flooding (results 
not shown), this was probably caused by the much lower infiltration rate into the soil 
in the present experiment during flooding. This indicates that the local hydrological 
conditions play a significant role interacting with water quality. High nitrate 
concentrations in the surface water could, therefore, not prevent phosphate (SRP) 
mobilization in the soil water in this experiment, although the concentrations in the N 
only treated soils tended to be slightly lower. However, phosphate release from the 
soil to the surface water was clearly lower for the nitrate only treated soils (particularly 
for PAS), probably as a result of a higher redox potential in the upper layer of the soil 
due to nitrate reduction. Simultaneous addition of sulphate, however, nullified this 
effect.
Nitrate addition alone (N) did, however, result in a significantly higher redox 
potential in comparison with treatments where sulphate was introduced (S and SN), 
mainly for the hayland soils, as it is a more favourable electron acceptor than sulphate 
and therefore has a higher Eh7. Ammonium concentrations in soil water increased 
slowly, being more visible in the HAY soil, which may have resulted from mineralization 
(correlation with alkalinity generated by anaerobic decomposition, rs=0.41**, R2=0.31),
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from nitrate reduction via DNRA (Hefting et al., 2004) or from increased iron reduction 
rates (Scherer and Zhang, 1999).
Sulphate addition led to high concentrations in soil water during the first weeks. 
However, we observed a rapid decrease to 200-600 ^mol l 1 (results not shown) by the 
end of the inundation period due to sulphate reduction in the absence of more 
favourable electron acceptors. This was possibly stimulated by the increased alkalinity 
(Roelofs, 1991), generated during reduction of different oxidants (Smolders et al., 
2006; Loeb et al., 2007). Increased soil alkalinization in wet soils may result in higher 
nutrient mobilization rates due to stronger pH buffering of organic matter (Smolders et 
al., 2006). In nitrate-poor soils, increased sulphate reduction rates due to sulphate 
pollution of the surface water may lead to FeSx formation and subsequent P 
mobilization form iron binding sites (Caraco et al., 1989; Roelofs, 1991; Lamers et al., 
1998; Smolders et al., 2006; Zak et al., 2006). However, due to the high availability of 
iron in the soils tested, additional sulphate reduction was not able to mobilize 
additional P, as was also shown for other floodplain soils (Loeb et al., 2007). During 
sulphate reduction, concentrations of produced sulphide in the soil water stayed very 
low due to binding to iron, which was highly available, and became only slightly higher 
at the end of the inundation period.
Lowering of the water table after the flooding
Water removal caused an increase of aeration state of the soils by oxygen intrusion as 
showed by the gradual return of the Eh7 to the pre-flooding values. Ammonium 
initially showed a very strong increase, especially in the hayland where values were 
similar to those reported by Loeb et al. (2007) for an alder carr. This is most probably 
caused by proton production due to the oxidation of iron and iron sulphides, which 
leads to mobilization of ammonium from cation exchange sites in the soil. Although 
the concentrations became very high, it is unlikely that the concentration of 
ammonium became phytotoxic because the pH stayed sufficiently high (De Graaf et al., 
1998; Lucassen et al., 2003; Van den Berg et al., 2005). The acidification was indicated 
by the consumption of alkalinity (Lucassen et al., 2002; Smolders et al., 2006). There 
appeared to be sufficient acid neutralising capacity to prevent a drop in pH values, 
which could also be predicted by total S/(Ca+Mg) ratios, which were lower than 0.7 
(Lucassen et al., 2002). Due to the prevention of low pH values, levels of potentially 
toxic metals other than Fe remained very low (results not shown).
Five weeks after the water table was drawn down, soil conditions were 
comparable to those before inundation. As a result of iron oxidation, P was 
immobilized and concentrations became comparable to those in the moist controls 
(Cm). Accumulated ammonium was rapidly nitrified leading to extremely high levels of 
nitrate (3000-5000 ^mol l-1). The differences between NO3- concentrations among 
tested soils were related to ammonium concentrations. This increased availability of 
nitrogen may, on the longer term, also lead to changes in vegetation composition.
Effects on vegetation
Five weeks of flooding caused a temporary decrease of vegetation cover and 
biodiversity, presumably due to the combined effect of flooding and competition with 
algae. Herb species suffered most from flooding, regardless the water quality. For the
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pasture, this led to a relatively increased dominance of sedge species (results not 
shown). Although the vegetation partly recovered after the flooding period, its cover 
was still lower than initially, and the species composition had changed as a result of 
flooding stress which is well known for flooding of terrestrial species (Banach et al., 
2009).
Conclusions
Our work showed the interacting effects of summer inundation, when biogeochemical 
process rates are higher than during winter flooding (Loeb et al., 2008a), and 
agricultural use. From this study, it is clear that the temporal inundation of fertilized 
floodplains will lead to increased nutrient mobilization, particularly for phosphate. The 
type of land use plays a significant role, as it determines the level of nutrient loading 
leading to differential responses. In addition, floodplains become a strong source of 
phosphate, deteriorating river water quality. After flooding, nitrate accumulates to 
high levels, with possible additional effects on biodiversity on the longer term.
The composition of the floodwater appeared, at least for the treatments tested, 
to be of less importance on the short term, as the main effects occurred due to the 
anoxic conditions. There are, however, uncertainties surrounding effects of floodwater 
quality that warrant further study of local hydrology during flood events. Although the 
influx of nitrate may hamper P mobilization by preventing Fe and sulphate reduction, it 
can also stimulate decomposition and mineralization, leading to ammonium 
accumulation. The concentration of sulphate did not have severe effects, as the 
concentrations of amorphous iron were high enough to sequester most sulphide and 
prevent additional P mobilization or accumulation of sulphide in the soil water.
Our study indicates that the increased risk of summer flooding in Eastern Europe 
during last years due to climate change increases the risk of eutrophication to a great 
extent. This may have significant effects on river water composition, as the SRP 
concentrations in the flood water increased to 15-20 ^mol l 1, which is much higher 
than the average concentration in the Chodelka River, being 2 ^mol l 1. Based on these 
values, the P mobilization to the water layer amounted to 0.24-0.32 mmol (7.4-9.9 mg 
P) m 2 day1. The actual effect of these high mobilization rates on river water quality 
will, however, depend on the water flux in the field, sedimentation of P and dilution 
with river water. The risk of eutrophication appears to be significant for highly 
fertilized fields without additional measures such as the removal of the nutrient rich 
top soil (Lamers et al., 2006). Eutrophication of river water and floodplain wetlands is 
expected to lead to undesired dominance of algae and cyanobacteria, loss of aquatic 
macrophytes, and lower oxygen concentrations, affecting biodiversity and human 
health (drinking water, recreation). Our results imply that this potentially high 
contribution to eutrophication of riverine areas, as shown by soil analysis, has to be 
taken into account when floodplains are selected for combined water storage and 
wetland rehabilitation (floodplain reconnection), particularly during the growing 
season when the rates of biogeochemical transformations are higher.
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Abstract
Raising safety levees and reinforcing dykes is not a sufficient and sustainable solution 
to the intense winter and summer floods occurring with increasing frequency in 
Eastern Europe. An alternative, creating permanently flooded floodplain wetlands, 
requires improved understanding of ecological consequences. A 9 month mesocosm 
study (starting in January), under natural light and temperature conditions, was 
initiated to understand the role of previous land use (fertility intensity) and flooding 
water quality on soil biogeochemistry and vegetation development. Flooding resulted 
in severe eutrophication of both sediment pore water and surface water, particularly 
for more fertilized soil and sulphate pollution. Vegetation development was mainly 
determined by soil quality, resulting in a strong decline of most species from the highly 
fertilized location, especially in combination with higher nitrate and sulphate 
concentrations. Soils from the less fertilized location showed, in contrast, luxurious 
growth of target Carex species regardless water quality. The observed interacting 
effects of water quality and agricultural use are important in assessing the 
consequences of planned measures for ecosystem functioning and biodiversity in river 
floodplains.
Introduction
In riverine regions in Eastern Europe, both the frequency and the severity of flooding 
have increased in the last decades (Bronstert, 2003), not only in regulated rivers 
systems but also in more pristine rivers such as the Vistula and Odra in Poland 
(Kundzewicz et al., 2005). In addition, it is expected that the intensity and frequency of 
both winter and summer flood events will increase in the future probably due to global 
climate change (Milly et al., 2002; Christensen and Christensen, 2003; Kundzewicz et 
al., 2005; Beniston et al., 2007).
Because flood prevention by raising dykes seems to be insufficient in the future, 
new strategies have been proposed which allow creating more space for floodwater by 
dyke/levee displacement and creation of wetlands and secondary channels. These aim 
to combine several goals including safety, the restoration of other floodplain functions 
(land accretion, recreation, water storage), and nature restoration of both riparian 
wetlands and permanently flooded marshes (Smits et al., 2000; van Stokkom et al.,
2005). It is, however, difficult to optimally combine all goals, and restoration projects 
often result in low biodiversity as a result of eutrophication (Antheunisse et al., 2006; 
Lamers et al., 2006). In addition, it is a problem to restore peat forming vegetation 
(e.g. Carex species) in marshes, which is important to counteract the effects of land 
subsidence (mechanical compression and oxidation) resulting from agricultural 
drainage and eutrophication (Wösten et al., 1997; Schipper and McLeod, 2002), 
although this will decrease the hydrological retention capacity.
The development of vegetation in floodplains is strongly determined by flooding 
characteristics (Vervuren et al., 2003; van Eck et al., 2004, 2005) and flooding tolerance 
of vegetation (Blom et al., 1990; van Eck et al., 2004). Oxygen deprivation, light 
limitation and reduced CO2 availability restrict the metabolic efficiency (Mommer et 
al., 2005; Banach et al., 2009a) and therefore lead to biomass reduction (Pezeshki, 
2001; van Eck et al., 2004). Wetland species have developed a number of adaptations
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(Mommer and Visser, 2005; Banach et al., 2009a) to cope with these stress factors 
including the ability to oxidize the rhizosphere (Pezeshki, 2001; Colmer, 2003).
Next, the changed biogeochemistry as affected by the combined effects of 
changes in water quality, soil quality and hydrological regime may also form a 
constraint for successful rehabilitation of riverine wetlands. The microbially governed 
processes in soil strongly depend on the soil aeration state, and after inundation 
oxygen is depleted resulting in the mobilization of reduced (often toxic) substances 
such as nitrite, ammonium and sulphide. As a result of iron reduction, phosphate is 
mobilized during flooding (Glinski and St^pniewski, 1985; Laanbroek, 1990; Smolders 
et al., 2006; Banach et al., 2009b).
For the creation of marshes, both the composition of the flood water and soil 
characteristics may strongly interact with the biogeochemical effects of flooding 
(Swarzenski et al., 2008). Pollution with sulphate (SO42") may lead to increased P 
availability, by the interaction between produced sulphide (H2S) and Fe-P cycling 
(Sperber, 1958; Roden and Edmonds, 1997; Lamers et al., 1998, 2002a; Zak et al.,
2006) and by competition between SO42" and phosphate (PO43") for anion binding sites 
(Caraco et al., 1989). As SO42" reduction generates alkalinity, decomposition and 
mineralization may increase even further (Roelofs, 1991; Smolders et al., 2006). The 
extent of P mobilization and ammonium (NH4+) accumulation, and the possible 
additional effect of SO42" during flooding largely depend on soil quality (Loeb et al.,
2007). High levels of dissolved Fe can bind both PO43" and H2S, preventing P-related 
eutrophication and H2S toxicity (Smolders et al., 1995; Lamers et al., 2001). The level of 
PO43" mobilization has been shown to be related to the saturation of binding sites in 
the amorphous Fe pool rather than to the concentration of PO43" (Young and Ross, 
2001; Loeb et al., 2008a). Although phosphorous is also bound to Al and CaCO3, these 
fractions are redox independent (Bostrom, 1988; Lamers et al., 2002b, 2006; Geurts et 
al., 2008). If high concentrations of nitrate (NO3~) are present, they can prevent the 
reduction of Fe and SO42", as NO3" is a more favourable electron acceptor acting as a 
redox buffer, and reduce PO43" mobilization rates (Lucassen et al., 2004).
Both the level of eutrophication and the accumulation of potentially phytotoxic 
compounds may influence the vegetation of riverine wetlands by the die-off of 
characteristic species and development of fast-growing plants outcompeting others 
(Roelofs, 1991; Lamers et al., 1998; Kotowski et al., 2006; Geurts et al., 2008). On the 
other hand, eutrophication may also lead to higher biomass production rates, which 
diminish toxicity effects due to dilution of these compounds in tissues, or due to 
stronger rhizosphere oxidation (Geurts et al., 2009). The development is not only 
important with respect to biodiversity, but also with respect to the rate of land 
subsidence or land accretion (e.g. Rooth and Stevenson, 2000). In eutrophic systems, 
decomposition and land subsidence may dominate, while in less eutrophic systems, 
such as those dominated by Carex species, net carbon fixation may lead to land 
accretion (Portnoy, 1999).
The aim of this study was to investigate the possibility for the creation of 
permanently flooded wetlands (marshes) along rivers, in relation to flood water quality 
(NO3_, SO42") and soil use (level of fertilization in the past). This measure is one of 
proposed strategies to counteract flooding risks; next to the creation of temporarily 
flooded areas for water storage during flood peaks which was investigated in our
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previous work (Banach et al., 2009b) and that of others (Antheunisse and Verhoeven,
2008). In order to study the effects of long-term flooding under controlled conditions, 
for which much less information is available in literature, a mesocosm design using 
intact sods was used. A period of 9 months was chosen as a minimum period necessary 
in order to cover winter, spring, summer and autumn. The results with respect to 
biogeochemistry (especially C, Fe, P, N and S cycling) and vegetation development will 
be discussed in relation to water management and nature management. In addition, 
we will compare both management strategies.
Materials and methods
Field information
The location where the sods were collected, Kosiorow village (51°13' N; 21 °51' E; Fig. 
1), is located close to the Chodelka River, a tributary of the Vistula River in Poland. This 
site was selected because of the plans of the local authorities to create a retention 
reservoir in this area to avoid flooding risks, as the Chodelka River is known to take 
back flowing water from the Vistula during high peaks of water discharge (Banach et 
al., 2009b). Along this river there are several meadows which show different 
cultivation histories depending on the preferences of their owners. Two neighbouring 
meadows showing exactly the same hydrology were selected of which one is heavily 
fertilized (with commercial fertilizer) and mown twice a year for hay-making (referred 
to as hayland, HAY), whereas the other is less fertilized and used only for grazing 
(pasture, PAS) at a low density of 1 animal per hectare.
Fig. 1. Location of Kosiorow, the sampling area (diamond) in Poland.
Both meadows have the same geological origin and show a peaty soil type (upper 
20 cm: 40-50% organic matter; with the inorganic fraction comprising 38-44% sand, 
8-12% silt and 4% clay, Banach et al., 2009b), with the average water table 30 cm 
below soil surface leading to the partial oxidation of the top layer. Both soils are, 
however, nutrient rich, as concentrations of plant available P (Olsen P) and NO3" are 
very high in both soils (Banach et al., 2009b). In addition, total concentrations of S and 
Fe are high. There were significant differences between these soils with respect to 
moisture, organic matter content, concentrations of total S, NO3", Olsen P, labile P and
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Fe/Al bound P fractions (Table 1). The HAY soils have been more strongly decomposed 
as a result of fertilization. At the onset of the experiment, both locations were covered 
by species-rich terrestrial vegetation dominated by Deschampsia cespitosa L. and 
Holcus lanatus L. (Table 2).
Table 1. Characteristics of both tested soils (^mol l’ 1 of bulk soil except for moisture 
and organic matter, which are in %).
Effects of long-term flooding on biogeochemistry and vegetation
Characteristics
(meaniSEM)
Soil
Hayland
Horn
Pasture Sign.
Moisture 37 (2) 50 (2) ***
Organic matter 41 (3) 54 (1) ***
pH 6.2 (0.1) 6.4 (0.2) NS
Total S 52321 (4376) 40 858 (1776) *
N° - 946 (107) 2236 (232) ***
NH+b 279 (76) 180 (24) NS
Olsen P 3818 (435) 1863 (238) ***
Total P 10508 (886) 8833 (482) NS
Amorphous Fe 76671 (8668) 78 140 (3393) NS
Total Fe 117560 (10480) 100982 (5094) NS
Total Fe:P 11.0 (0.9) 11.6 (0.4) NS
Total (Fe-S):P 6.1 (0.6) 6.9 (0.4) NS
Labile P fraction 90.4 (10) 15.8 (1.3)
Fe/Al bound P 1631 (147) 760 (37) ***
Ca bound P 3178 (417) 2981 (119) NS
Organic P 5609 (484) 5077 (383) NS
a W ater extractable n itra te ,b NaCI extractable ammonium 
* * *  p<0.001, **  p<0.01, * p<0.05, NS not significant
Experimental design
For studying the effects of long-term inundation with stagnating water, 40 sods 
(30x30x15 cm) were collected in total in autumn, with standing vegetation. After 
transportation to the Netherlands in plastic containers (to avoid desiccation), the sods 
were placed in a greenhouse. Each sod was fitted into a separate glass container 
(25x25x30 cm) at an air humidity of 40-90%, under natural light and temperature 
(ranging between 5-41°C during the experiment) conditions following the outside 
diurnal and seasonal changes of light and temperature. The sides of the compartments 
were covered with black foil to avoid light influence on the sides of the soil.
Four different floodwater mixtures were prepared based on field data (water 
quality of the Chodelka and Vistula River) including a treatment with increased 
concentrations of nitrate (N), sulphate (S) or their combination (SN), all at the level of 
1000 ^mol l’ 1. The control (Cfl) had pristine river water quality characterized by low 
levels of nutrients (Table 3), without the addition of phosphate. In addition, non 
flooded, moist controls were used (Cm) as a contrast. Each treatment consisted of 4 
replicates which were randomly distributed over the 40 units (20 per meadow type). 
The sods were kept inundated at 20 cm above soil level for 9 months (January till 
November) and if necessary adequate volumes of floodwater were added to maintain 
the desired water column. Non flooded controls were watered with artificial rainwater 
containing 5 mg l’ 1 of sea-salt, (Wiegandt GmbH, Krefeld, Germany) in order to keep 
the groundwater level at 10 cm below soil surface to avoid desiccation of the sods 
during this period.
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Table 2. Plant species present on sods from hayland and pasture (average 
abundance, %) at the beginning and the end the experiment. Capital letters after 
species name represent groups -  H -  herbs, G -  grasses, C -  Carex species.
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Species Family
Hayland
before after
Pasture
before after
Achillea millefolium (H) Asteraceae 0-25 0-5 - -
Agrostis spp. (G) Poaceae 0-1 0-50 0 0-5
Anthoxanthvm spp. (G) Poaeeae - - 0 0-1
Arabidopsis suecia (H) Brassiceae 0 0-5 0-1 0-5
Cardamine spp. (H) Brassiceae 0 0;-=l 0-1 0
Carex hirta (C) Cyperaceae 0 0-40 0-1 10-50
Carex acuta. (C) Cyperaceae 0 0-50 0-1 5-50
Centaurea jacea (H) Asteiaceae 0-1 0 - -
Deschampsia cespitosa (G) Poaceae 5-75 0-5 5-75 0-50
Festuca rubra (G) Poaceae 0-5 0-50 5-25 0-1
Filipéndula ulmaria (H) Rosaceae - - 0-1 0
Galium boreale (H) Rubiaceae 0-5 0-10 0-5 0-10
Galium uligmosum (H) Rubiaceae 0 0-5 0-75 0-50
Galium spp (H) Rubiaceae - - < 1 0-5
Holcus lanatus (G) Poaceae 5-50 0-5 0 0-10
Lathyrus pratensis (H) Fabaceae 0-1 0-5 0-1 0-1
Leontodon autumnalis (H) Asteiaceae 0 0-1 0-25 0-1
Linaria vulgaris (H) Scropliulariaceae 0-1 0-5 0-1 0-5
Lythrum salicaria (H) Lythiaceae 0 0-40 0 0-5
Mentha arvensis (H) Lamiaceae 0 0-5 - -
Plantago lanceolata (H) Plantaginaceae 0-1 0-10 0-1 0-50
Plantago major (H) Plantaginaceae - - 0 0-1
Poa pratensis (G) Poaceae 0-5 0-50 - -
Potentilla reptans (H) Rosaceae - - 5-25 0-10
Ranunculus acris (H) Ranunculaceae 0 0-5 0 0-50
Ranunculus auricomus (H) Ranunculaceae 0-1 0-1 0-25 0-1
Ranunculus repens (H) Ranunculaceae 0-1 0-5 0 0-1
Rumex acetosa (H) Polygonaceae 0-1 0 0-1 0
Sanguisorba officinalis (H) Rosaceae - - 0-5 0-1
Stellaria gramínea (H) Caryophyllaceae 0-5 0-1 0-5 0-5
Taraxacum officinale (H) Asteiaceae 0-1 0-1 - -
Trifolium repens (H) Fabaceae 0-1 0 0-1 0
Veronica chamaedrys (H) Scropliulariaceae - - 0-1 0
Vicia spp. (H) Fabaceae - - 0-1 0
Measurements and chemical analyses
Soil samples were analysed for soil moisture percentage (drying samples at 105°C for 
24 h) and organic matter content (loss-on-ignition, 550°C, 4 h). Levels of nutrients were 
examined in fresh soil samples (corrected afterwards for moisture content) by 
extraction: Olsen P (as an estimate of plant available P, Olsen et al., 1954), NaCl- 
extractable ammonium and water extraction (Banach et al., 2009b). The concentration 
of amorphous iron was estimated by oxalate extraction (Schwertmann, 1964) whilst 
soil P fractions were estimated using the method described by Golterman (1996). In 
addition, total element concentrations were measured after digestion of 200 mg 
samples in a mixture of concentrated HNO3 and 30% H2O2 (4+1 ml) using a Milestone 
microwave MLS 1200 Mega system (Sorisole, Italy).
Two sediment pore water samplers (Rhizon SMS-10 cm; Eijkelkamp Agrisearch 
Equipment, Giesbeek, the Netherlands) were placed diagonally at 5-10 cm depth 
connected to black silicone tubes for monitoring of sediment pore water chemistry in 
each container. Samples were collected anaerobically by means of 50 ml vacuumed
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syringes. After discarding the first 10 ml (stagnant water), collected subsamples were 
pooled for other measurements.
Sediment pore water (50 ml) and surface water (500 ml) samples were collected 
monthly. Additional pore water samples were collected three times (Fig. 2) for 
determination levels of total inorganic carbon (TIC, sum of CO2 and HCO3”).
Free (dissolved) sulphide (H2S) in sediment pore water was estimated in 10.5 ml 
of subsample fixed immediately after collection with 10.5 ml of sulphide antioxidant 
buffer (Van Gemerden, 1984). For this measurement a sulphide ionselective Ag- 
electrode and a double junction calomel reference electrode were used (Roelofs, 
1991).
Titration of 10 ml of sample with 0.01 M HCl down to pH 4.2 allowed us to 
determine alkalinity (TIM800 pH-meter with the above mentioned pH-electrode and 
an ABU901 Autoburette, Radiometer Copenhagen, Denmark) preceded by pH 
measurement. In surface water, turbidity (nephelometric turbidity units, NTU) was 
estimated using a WTW turbidity meter Turb550 (Weilheim, Germany). The remaining 
volumes were filtered over a Whatman microfiber filter type GF/C (Whatman, 
Brentford, UK) after which citric acid was added (to a final concentration of 0.125 g l-1) 
to avoid precipitation of metals, and stored in 100 ml iodated polyethylene bottles at 
-28°C until further analysis.
The concentrations of NO3-, NH4+ and soluble reactive phosphorus (SRP) were 
determined by means of an Auto Analyser 3 System (Bran and Luebbe, Norderstedt, 
Germany) according to standard procedures (Banach et al., 2009b) followed by 
correction for colour (at 450 nm) caused by humic substances (Shizmadzu UV-120-01 
spectrophotometer, Kyoto, Japan). The total concentrations of Fe, Ca, K, P, and S were 
analysed by means of inductively coupled plasma optical emission spectrometry (ICP- 
OES, IRIS Intrepid II, Thermo Electron Corporation, Franklin, MA, USA). At the 
(relatively high) concentrations used in this experiment the total S concentrations in 
the water layer provided a good estimate of SO42-, because only a small percentage of 
the element is present in organic form. This was verified by parallel analysis of various 
samples for different treatments using capillary ion analysis (Waters Technologies), in 
which SO42- concentrations were shown to match the total S concentrations within the 
uncertainty of both methods.
Total concentrations of TIC were determined by collecting pore water samples 
into vacuumed infusion flasks (30 ml) and correcting for the headspace volume. 
Concentrations of gases were measured using an infrared gas analyser (ABB Advance 
Optima IRGA, Zürich, Switzerland).
Vegetation description
The vegetation present on the sods was described in detail (number of individuals and 
their cover for each species) before the onset of submergence and at the end of the 
experiment. We divided the plants into 3 groups: grasses (G), Carex species (C) and 
herbs (H) (see Table 2). In addition, we determined the total cover of plants and algae 
(in %) during water sampling. Vegetation and algae were harvested 6 months after the 
onset of submergence and at the end of the study to be able to quantify biomass 
production rather than standing stock. Collected material was dried at 70°C for 48 h, 
weighed (dry weight) and analyzed for total concentrations of selected elements (ICP,
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see above) after microwave digestion (see above). Total concentrations of C and N 
were estimated in 2 mg of homogenized dry material using a Carlo Erba NA1500 
elemental analyzer (Thermo Fisher Scientific, MA, USA). For nutrient ratios, weighted 
means of the separate plant groups were used.
Table 3. Chemical composition (^mol l_1) of artificial flood-water for each treatment. 
S: sulphate, N: nitrate, Cfl: flooded control.
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Salt SN S N Cfl
CaCl2-2H20 610 610 610 610
KC1 240 240 240 240
MgCl2-6H20 75 75 75 75
Na2 S0 4 1000 1000 100 100
NaNO, 1000 25 1000 25
N aH C 03 2000 2000 2000 2000
NaCl 0 975 1800 2775
Data Analysis
All data were statistically processed by means of SPSS for Windows (SPSS 15.0, 2006, 
Chicago, IL, USA). Biogeochemical variables were ln(x+1) transformed in order to make 
the data fit better to the normal distribution and to make the variances less dependent 
of the sample means. Vegetation cover and algae cover were arcsin sqrt transformed 
and species number was log(x+1) transformed.
Relationships between variables (only for flooded) were tested by calculating 
Spearman's rho correlation coefficients (rs) due to differences between sizes of 
variables, and regression lines were fitted (with R2 statistic).
Changes in sediment- and water-related variables as well as vegetation and algae 
data in time were tested in a stepwise procedure. First, a comparison of flooded versus 
nonflooded treatments was performed, followed by a comparison between all flooded 
treatments. A repeated measures ANOVA, model mixed designs (GLM5), procedure 
was used in both cases for both tested meadows. If the assumption of sphericity was 
not met, an appropriate correction was used according to the values of the 
Greenhouse or Huynh-Feldt test statistics (Field, 2005). Tukey HSD (homogeneity of 
variances assumed) or Games-Howell procedure (homogeneity of variances not 
assumed) were used as post hoc tests. In addition, data from the end of the study 
were analyzed by means of ANOVA (with Tukey or Gamess-Howell post-hoc tests). The 
same test was used for plant tissue nutrient ratios.
Differences between soil characteristics were assessed using independent 
samples t-test. Significance was accepted at p-value 0.05. For better clarity, all data are 
presented as means of non-transformed variables ± standard error of the mean (SEM).
Results
Soil response to flooding
Initially (one week before flooding), tested soils had a pH of 5-6 with low alkalinity 
(<0.5 meq l_1) and low levels of NH4+, Fe2+, SRP and TIC in the sediment pore water. 
Concentrations of NO3" were high and differed between both meadows: around 5000
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^mol l 1 in the hayland (HAY) and 3000 ^mol l 1 for the pasture (PAS). Concentrations 
of SO42” were below 1000 ^mol l"1 in both soils (Fig. 2).
Fig. 2. Changes in concentrations of selected variables in sediment pore water -  means 
± SEM (n=4). The week number refers to the time after the onset of flooding.
The dissolved NO3" pool in sediment pore water declined by 3-5 times one week 
after inundation remaining significantly higher than Cm (Tables 4, 5), without effect of 
soil use (p=0.72). Concentrations of NH4+ in sediment pore water showed an opposite 
trend in time compared to NO3", interacting with soil use (txL, Table 5) by a strong
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increase to a peak of 300-600 ^mol i_1 in HAY and 100-200 ^mol i_1 in PAS after 16 
weeks (Table 5).
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Table 4. Results of time ( t ) effects and their interactions with land use (L) for flooded 
versus non-flooded soils (I), examined by means of GLM5 analysis. F-ratios and their 
levels of significance are given (n=4). Bold values indicate significant differences.
Sediment pore water t L I r x L r x l L x l / x L x I
pH 21.50*** 4.61* 44.19*** 1.96n s 12.13*** 2.34n s 1.25n s
A lk a lin ity 89.55*** 1.75n s 54.72*** 1.87n s 32.56*** 0 .4 9 ™ 0 5 3 n s
T IC 101.47*** 12.13** 82.01*** 2.84n s 33.57*** 0.02n s 2.24n s
NO ~ 29.85*** 2 .9 9 ™ 28.92*** 2.67n s 9.96*** 1.37n s l .g o « 3
N H + 2 .17n s O.OONS 1.30n s 0.10NS 2.56n s 0.41n s 0.55n s
SRP 4.70“ * 2.20k s 27.71*** 0.30n s 4.21** 2 .5 9 n s 0.23n s
Total Fe 21.26*** 1.1 5n s 42.61*** 0.65n s 5.32** 0.9Sn s 0.17n s
K + 5.31** 8.67** 43.41*** 3.12* 3.26* 0. 14n s 0.55n s
C a2+ 3.31* 3.51n s 42.54*** 0.87n s 0.34n s 1.67n s 1 .4 0 ™
s o ^ - 7.93*** 0.54n s 4.25* 1.90n s 7.51*** 0.41n s 0.81n s
H 2S 5.65** 0.1 5n s 17.97*** 0.38n s 0.78n s 0 .0 0 ^ 0.72n s
: -  time, L -  land use, I ■-  inundation, * * *  p<0.001, **  p<0.01, *p<0.05, NS not significant.
Concentration of SO42” in sediment pore water differed in time interacting with 
flooding treatment and water quality (txi and txW , Tables 4, 5 and Fig. 2). Initial higher 
levels above 1 mmol l"1 in S and SN treatments were further reduced to values 
between 500-1000 ^mol l_1. We found significantly higher values for SN and S 
treatments in comparison to N, Cfl, and Cm, which did not differ from each other and 
remained below 500 ^mol l_1. We did not observe differences in SO42" between soils 
(p=0.89, Table 4). While Cm did not show H2S accumulation in the sediment pore 
water, higher levels of this compound (2-12 ^mol l_1) were recorded in S and SN 
treatments (Table 5).
inundation led to strong mobilization of Fe2+ into sediment pore water after 5 
weeks with a peak of 400-500 ^mol l_1 after 9 (HAY) and 15 (PAS) weeks (Fig. 2). There 
were no significant differences between treatments (p=0.41, Table 5). There was a 
concomitant and rapid SRP mobilization to extremely high levels of 50-100 ^mol l"1 
one week after flooding. The amount of mobilized SRP depended on water quality; SRP 
levels in sediment pore water were higher for S and SN than for the others. The 
response differed between both tested soils: HAY showed continuous release of SRP 
with maximum of 200 ^mol l"1, while for PAS the concentration of SRP decreased after 
12 weeks from 150 to 50 ^mol l"1 at the end of the experiment, and became 
comparable to levels in other flooded treatments (Fig. 2, Table 5).
inundation led to elevated levels of Ca2+ in sediment pore water, 2-6 times higher 
in comparison to about 1 mmol l_1 in Cm, changing overtim e (Fig. 2). S presence led to 
lower concentrations of Ca2+ in sediment pore water as compared to Cm and N 
treatments. K+ concentrations in sediment pore water increased to 200-300 ^mol l"1 
after flooding in comparison to Cm, with higher values for HAY than for PAS (Fig. 2). in 
general, water quality had no significant effect of K+ concentrations in sediment pore 
water (p=0.21, Table 5).
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Sediment pore water pH increased very fast after inundation (Table 4) to values 
of 6.5-7.5 and remaining significantly higher in comparison to Cm during the whole 
period. We observed a stronger increase of pH in HAY than PAS and significant 
differences between water qualities: SN treatment had significantly higher pH for HAY, 
whilst PAS showed higher pH for SN, S and N treatments in contrast to Cfl (Table 5). 
These changes in pH coincided with strong alkalinization of the sediment pore water 
during flooding reaching high levels, particularly for PAS soils and SN treatments (Fig.
2, Tables 4, 5). The increase of the alkalinity was related to the accumulation of TIC in 
the sediment pore water in time. Anaerobic soil conditions also led to CH4
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accumulation in sediment pore water with maximum peaks of 200-1000 ^mol l"1 for 
all treatments. There were no effects of soil use (p=0.25), but CH4 concentrations were 
higher in N, S and SN in comparison to Cfl (results not shown).
Table 5. Results of time (t) effects and their interactions with land use (L), and water 
quality (W) for flooded soils, examined by means GLM5 analysis. F-ratios and their 
levels of significance are given (n=4). Bold values indicate significant differences.
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t L  W  i x L  f x W  L x W  r x L x W
Sed im ent p o re  w ater
pH ' 96.33*** 0.29ns 5.93** 3.08* 1.44NS 3.35* 0.97ns
Alkalinity 220.40*** 10.21** 3.85* 2.85* 1.93NS 1.20ns 0.58ns
TIC 225.04*** 9.68** 0.1 2ns 9.80*** 0.72ns 1.09ns 1,08ns
NO“ 144.81*** 0.13NS 7.73** 3.08* 0.88ns 1.21ns 0.62ns
NH+ 13.03*** 4.08ns 2.35ns 3.19** 1.12ns 1.63ns 0.91ns
SRP 34.26*** 32.53*** 12.74*** 1.74** 2.16* 1.93ns 1,13ns
Total Fe 209.46*** 0.1SNS 1.01NS 2.49* 1.17NS 0.31NS 1,45ns
K + 5.84** 12.96** 1.63ns 7.11** 0.72ns 0.59ns O.49NS
Ca2+ 5.64s* 15.22** 4.04* 2.53* l.S lNS 0.79ns 0.80ns
s o ; ;" 30.10*** 0.02ns 62.77*** 2.94** 4.46*** 0.21NS 0 7 9 n s
h 2s 13.42*** 0.6Sns 30.44*** 2.22ns 1.29™5 1 ,4Sns 1,10NS
Surface w a ter
pH 56.28*** 3.23ns 19.87*** 2.39* 2.84** 0.4Sns 0.34ns
alkalinity 148.81*** 8.59** 27.09*** L.99ns 7.58*** 0.23ns 0.57ns
turbidity 13.62*** 23.59*** 0.41NS 0.63ns 1.37NS 2.14ns 0,84ns
NO“ 190.71*** 0.07ns 14.38*** 1.11NS 1 7 2 ^ 5.74** 1 ,22ns
NH+ 2.42* 19.85*** 23.53*** 3.20** 1.99* 4.54* 1,18NS
SRP 10.02*** 14.37** 9 .41*** l.S7NS 2.56* 1.31ns 0.95ns
Total Fe 93.12*** 8,92** 2.13NS 4.68** 2.94** 1.22ns 0.88ns
K + 11.82*** 12.18** 0.78ns 11 .85*** 1.47^s O4 9 NS 0 .4 0 "8
Ca2+ 68 .73*** 2.85n s 5 .87** 3 .96** 3 .98*** 0 0 7 n s 1.05NS
in O N
i 1
60 .98*** 5.01* 194.76*** 2.82* 4 .18*** 2.49ns 1,35ns
t - t im e , L -  land use, I -  inundation, W - w a te r  quality, * * *  p<0.001, * *  p<0.01, * p<0.05, NS not significant
Changes in water layer
NO3” concentrations in surface water differed only initially at one week after flooding 
due to treatment (Fig. 3, Table 5). There was a strong NO3" reduction to levels 
comparable to N-poor waters (lower than 40 ^mol l"1), except for the end of the 
treatment period. In addition, NH4+ levels in the surface water increased (Fig. 3) 
differing between tested soils (Table 5). HAY soil showed much stronger NH4+ 
mobilization (up to 50 ^mol l"1) then PAS (<20 ^mol l_1). Moreover, we observed a 
significant effect of water quality on NH4+ levels for HAY; the highest peak of 50 ^mol 
l_1 was for SN followed by S, N (10-20 ^mol l_1) and Cfl (<10 ^mol l_1) treatment (Table 
5).
The concentrations of SO4 in the surface water were related to both water 
composition and soil use (Tables 4, 5) decreasing from levels of 1200-1600 ^mol l"1 to 
about 400 ^mol l"1 (S and SN treatments), especially for HAY.
The concentrations of Fe2+ in the surface water differed between tested soils 
(Table 4): HAY showed stronger mobilization (160 ^mol l_1) than PAS (70 ^mol l_1). We
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did not detect significant differences between water quality treatments (p=0.12, Fig. 3, 
Table 5).
The raised levels of SRP in the sediment pore water led to P release into the 
surface water above, increasing over time with differential responses for both soils. 
HAY showed values up to 40-120 ^mol l_1 for S and SN treatments (Fig. 3), in contrast 
to values of 20-50 ^mol l_1 for PAS (S, SN). Treatments without S enrichment showed, 
however, much lower levels of SRP (<15 ^mol l_1 in HAY and <2 ^mol l_1 in PAS). 
Flooding resulted in an increase of water turbidity to 15-25 NTU without significant 
effects of the water composition (p=0.75), but with higher values for HAY than for PAS.
Effects of long-term flooding on biogeochemistry and vegetation
(n=4).
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Concentrations of Ca2+ in the surface water increased 2-2.5 times above the 
initial value of 1 mmol l_1 during inundation without effect of soil use (p=0.10, Table 5). 
However, water quality influenced Ca2+ levels favouring its release at low S levels (Fig.
3). Also K+ concentrations in surface water significantly differed over time (Table 5), 
with diverse patterns for both soils; there was an increase in HAY and decrease in PAS. 
We did not find a significant influence of water quality on K+ mobilization to the 
surface water (p=0.52).
The pH of the surface water rose from 7 to 7.5-8; the highest value was 
measured for SN (Table 5). In addition, there was a strong alkalinization of water layer
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Fig. 3. Continued.
Vegetation response
Inundation of sods resulted in a significant decline of the vegetation in terms of cover 
and number of the species in each functional group over time (Table 6a). Cover of the 
plants decreased by 21% in HAY and 4.8% in PAS after 41 weeks in flooded sods. At this 
time, plants covered almost the whole surface of non flooded sods (Cm) from both 
meadows (98 and 93%, Fig. 4). Cm sods had a high number of individual small plants 
for herbs, grasses (GxI) and Carex species, with a relatively low biomass. Flooding 
changed this composition, leading to a drastic reduction of herbs and relatively 
stronger development of grasses and Carex species (txGxI). Moreover, species 
composition differed significantly (GxL) between meadows -  HAY was dominated 
mainly by grasses and herbs with a very low number of individuals of Carex species, 
whilst PAS had much more individuals of herbs and Carex and a similar number of 
individuals of grasses compared to HAY. Observed changes in cover and species 
composition were not only time-related (txI) but also depended on land use (higher for 
PAS, Table 6). We did not observe a significant role of water quality (p=0.18 and 0.21 
for cover and biodiversity, Table 6b). There was, however, an initial stimulation of the
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vegetation growth in N treatments compared to Cfl control and a reduction by S and 
SN, followed by a decline in all treatments (data not shown) resulting in the final 
situation presented in Fig. 4. Above-ground total biomass was clearly influenced by 
interacting effects of flooding and soil use (Table 7, Fig. 4). Flooded plants from HAY 
had lower biomass whilst those from the pasture were comparable to Cm. Water 
composition had a significant effect on total biomass in HAY, where biomass was very 
low for the N, S and NS treatment. This adverse effect was not found for PAS.
Table 6. Statistical results for time (t) effects and their interactions with land use (L) for 
(a) flooded versus non-flooded soils (I), and (b) interactions time with land use (L), 
water quality (W) and group of vegetation (G) for flooded soils only examined by 
means of GLM5.
Effects of long-term flooding on biogeochemistry and vegetation
(a) Vegetation cover Biodiversity (b) Vegetation cover Biodiversity Algae cov<
Í 10.70*** 38.88*** r 24.22*** 29.93*** 26.67***
¡xG - 15.28*** r xG - 14.30*** -
t x  L 0.72ns rxL 2.74ns 1.83ns 0.78ns
6.49** 41.89*** rxW 1.13ns 0.95ns 2.51**
ixGxL - 1 2 7 N S rxGxL - 0.67n s -
i xGxI - 16.37*** I xGxW - 0.84ns -
t xLxI 0.83ns 0.39^ t xLxW 0.44ns LOO1*5 1.26ns
i xGx Lx I - O.SONS r xGxLxW - 1.58* -
G - 68.71*** G - 5.14** -
L 1.04ns 11.15** L 5.60* 6.52* 17.45***
I 53.50*** 72.75*** W 1 77ns 1.56N8 0.25ns
GxL - 6.58** GxL - 7.92** -
Gxl - 45.72*** GxW - 1.50^ -
Lxl 1.55ns 1 g 4 N S LxW 0.61ns 1.23ns 1.24ns
GxLxI - 2.39ns GxLxW - l.OO*8 -
t -  time, L -  land use, I -  inundation, G -  group of vegetation, W -  w ater quality, - Not included in the 
model, * * *  p<0.001, * *  p<0.01, * p<0.05, NS not significant
Initially, vegetation cover was 41% for HAY and 39% for PAS (p=0.68), composed 
of species from different functional groups, such as grasses and herbs. In addition 
Carex species were present, mainly on PAS (Table 2). Herbs suffered the most due to 
flooding, and we noticed a strong decline of Cardamine spp. (PAS), Sanguisorba 
officinalis (HAY), Centaurea jacea, Filipendula ulmaria, Rumex acetosa, Trifolium 
repens, Veronica chamaedrys and Vida spp. (HAY and PAS). For grasses only 
Anthoxanthum spp. (HAY) and Poa pratensis (PAS) declined. Other species were 
flooding-resistant, showing either survival or even stimulation of growth (Table 2).
Above-ground biomass of grasses was significantly lower (Table 7a) at the end of 
the study in comparison to summer (week 24) and it was lower in flooded sods in 
comparison to Cm. This decline was stronger in HAY than PAS including non flooded 
controls. S and SN treatments had the strongest impact, followed by N, leading to 
significantly lower biomass of grasses for both meadows (Table 7b). Biomass of Carex 
species, which are a target for ecosystem rehabilitation, was significantly higher in 
flooded sods (Table 7a), especially for PAS, without significant effect of water quality 
(p=0.25, Table 7b). Carex grew well in all treatments on PAS whilst in HAY these 
species were present only in Cfl. Biomass of herbs declined due to inundation (Table 
7a), but was not affected by water quality (p=0.97, Table 7b). However, we noticed
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that biomass was higher in nutrient-rich treatments in PAS in comparison to Cfl (LxW) 
whilst HAY, in contrast, showed reversed tendency.
the inundation period (week 41) -  means ± SEM (n=4). Error bars of biomass represent 
SEM for the total biomass.
Table 7. Effects of time (t), land use (L) on biomass of each group of plants caused by 
(a) inundation (I) and (b) water quality (W) by means of univariate ANOVA. We 
compared data from both harvests. In addition differences between flooded 
treatments are presented for each group (c) -  treatments with the same letter are not 
significantly different.
(a) Glass Caiex Heibs (b) Glass Caiex Heibs
t 12.62** 0.04ns 2.74ns r 1-1,76*** 0.47NS 4.96*
L 7.05* 19.88*** 5.29* L 0.07ns 38.91*** 1.1 5ns
I 18.83*** 5.31* 35.22*** W 3.68* 1.42ns 0.08ns
rx L 0.74NS 0.01NS 0.68ns rxL 0.83ns 0^40ns 0.56ns
r x l 0.01NS 0.25ns 0.1 8ns tx W 0.57ns 0.02ns 0.10™
L x l 5.85* 3.61ns 1 .70ns LxW 0.64ns 0.60ns 2.95*
r x L x I 2.84ns 0.58ns 0.02ns t k L x W 1.01NS 0.03ns 0.11NS
P ost hoc  comparisons
(c)
Cfl A A A
N AB A A
S B A A
SN ,AB A A
t -  time, L -  land use, I -  inundation, W -  water quality, * * *  p<0.001, ** p<0.01, * p<0.05, NS not significant
Inundation of sods led to development of algae up to a cover of 100% of the 
water surface (Table 6b). There was a significantly higher mean overall algae cover in
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HAY (49%) than PAS (23%). Development of algae did, however, not depend on water 
quality (p=0.86, Table 6b).
The mean N:P ratio in plant tissue was 3.9 g g"1 (HAY) and 2.2 (PAS) for non 
inundated plants (results not shown). Inundation led to significant changes of this 
ratio: in PAS it increased to 8.1 and in HAY to 5.4 (p<0.05). The initial P:K ratio (Cm) 
was 0.16 for HAY and 0.22 for PAS (p=0.15), changing to 0.19 and 0.11 after flooding. 
We did not observe an influence of water quality on both ratios.
Discussion
We showed that permanent inundation of floodplain sediments significantly 
influenced both soil biogeochemistry and vegetation development, but that the 
severity of these redox-related changes appeared to be strongly determined by the 
interactions between soil characteristics, as determined by land use, and water quality. 
This response is in contrast to our earlier findings on short-term flooding during 
summer, where flooding itself rather than water quality determined the 
biogeochemical response and the vegetation development (Banach et al., 2009b). The 
hydrological conditions tested in the present study relate to those in more or less 
pristine marshes dominated by sedges (Wassen et al., 2002; Kotowski et al., 2006).
Effects of flooding on redox-related processes
Permanent flooding led to strong changes in soil due to a switch from aerobic to 
anaerobic conditions. Subsequent alternative electron acceptors (NO3", Mn4+, Fe3+ and 
SO42") were reduced leading to the sequential decrease of NO3" concentration, 
mobilization of NH4+, Mn2+, Fe2+, and SO42" reduction (Figs. 2-3; Glinski and 
St^pniewski, 1985; Laanbroek, 1990). These redox-related processes were the main 
cause of P eutrophication and accumulation of reduced compounds, which may both 
pose a threat for the biodiversity of the developing vegetation (Lamers et al., 1998; 
Smolders et al., 2006; Loeb et al., 2008b; Banach et al., 2009b) and are strongly related 
to the season (Antheunisse and Verhoeven, 2008; Beumer et al., 2008; Loeb et al., 
2008b). As the observed eutrophication was not caused by external P input (Table 3), 
the elevated levels of SRP must have resulted from internal mobilization of 
accumulated P (so-called internal eutrophication, Roelofs, 1991; Smolders et al., 2006; 
Banach et al., 2009b). There were two key factors involved in this process: soil 
characteristics and water pollution with SO42". The more fertilized HAY soil had higher 
Olsen P levels (Table 1) than PAS which could be responsible for differences between 
both tested soils (Fig. 2, Table 5). There are two possible sources of P in the soil: 
inorganically-bound and organically-bound P fractions. As an inorganic source, Fe- 
bound P is most of importance as SRP can be easily mobilized from this redox-sensitive 
fraction under anaerobic conditions due to Fe reduction (Patrick and Khalid, 1974; 
Caraco et al., 1989; Baldwin and Mitchell, 2000; Zak et al., 2004; Loeb et al., 2008a). 
Indeed, we measured increasing Fe2+ and SRP concentrations both in sediment pore 
water and surface water (Figs. 2-3). Levels of Fe2+ in surface water were much lower in 
comparison to those in sediment pore water due to oxidation of the surface water 
column (Loeb et al., 2007). The Fe-related P mobilization appeared to be related to the 
low total soil Fe:P ratio (Table 1), which was around the threshold value of 12 mol 
mol"1 below which P is mobilized (Ramm and Scheps, 1997; Geurts et al., 2008).
Effects of long-term flooding on biogeochemistry and vegetation
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Another indicator, the Fe:PO4 ratio in sediment pore water, correlated well with SRP in 
the surface water (rs=-0.76**, R2=0.53) in a similar way as found by Smolders et al. 
(2001) and Geurts et al. (2008), with a threshold value of 3-4 mol mol-1 below which 
SRP is strongly mobilized to the water layer, similar to the values found by others 
(Lehtoranta and Heiskanen, 2003; Zak et al., 2004). Moreover, Fe:PO4 ratio differed 
significantly between tested soils and treatments, PAS having significantly higher 
(p<0.001) values than HAY resulting in lower P mobilization although Fe2+ levels of the 
sediment pore water were equally high (Table 4, Fig. 2).
Differences in SRP levels between both soils could additionally be explained by 
the role of Ca2+ in P binding as described by Bostrom et al. (1988). In our study we 
found significant differences in the concentrations of Ca2+ in sediment pore water 
(Table 5) and a negative correlation (rs=-0.49**) with SRP. As Ca2+ increased and SRP 
decreased in sediment pore water for PAS, it can be concluded that there may have 
been precipitation of SRP with Ca2+ and/or CaCO3.
Role of water quality on redox processes
Increased SO42- concentration of the surface water led to significantly higher P 
mobilization interacting with soil quality, which did not occur during short-term (1 
month) flooding (Banach et al., 2009b). The Fe:PO4 ratio in sediment pore water was 
lower for S and SN treatments (below the threshold) suggesting additional internal 
eutrophication due to SO42- influx and its reduction. Produced H2S apparently 
interacted with the Fe-P cycle (Golterman, 1995; Roden and Edmonds, 1997; Smolders 
et al., 2006; Zak et al., 2006) and stimulated P mobilization (especially in HAY). 
However, both soils were Fe-rich which can explain the low H2S concentrations in 
sediment pore water. Although the Fe2+ concentration is high, a large part is 
sequestered as FeSx and not available for P binding, as indicated by the relatively low 
(Fe-S) to P ratio of 6-7 (Table 1). In addition, SO42- reduction is known to generate 
alkalinity, which may play a role in further nutrient mobilization (especially P) as it 
stimulates decomposition and mineralization (Smolders et al., 2006). This process is 
expected to be additionally important in this study as we recorded production of 
alkalinity and TIC, especially for S and SN treatments (Fig. 2, Tables 4, 5). Unexpectedly, 
the presence of high concentrations of NO3- in the surface water did not prevent P 
mobilization, as is known to occur in fens related to blocking of Fe reduction by the 
presence of this more favourable electron acceptor (Lucassen et al., 2004). This can 
probably be explained by the fast depletion of nitrate due to the stagnant situation, 
even though nitrate was supplied to keep the water levels constant.
Consequences for vegetation development
Flooding itself is a stress factor for non-wetland vegetation as it drastically changes 
physiological functioning of plants, such as photosynthesis, respiration and internal 
transport of nutrients, due to oxygen deficiency and accumulation of reduced 
compounds (Chen et al., 2005; Banach et al., 2009a). Herbs, the most abundant plant 
group on the studied meadows were most sensitive to flooding as could be expected 
for this terrestrial species group lacking specific adaptations to flooding (Van Eck et al., 
2004; Banach et al., 2009a); 8 out of 26 species disappeared. Carex species and some 
of the grass species in the control flooding treatment were tolerant to flooding, as
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could be expected from their specific traits including the ability to oxidize their 
rhizosphere.
The vegetation response to permanent flooding, however, appeared to be 
strongly influenced by the interactions between soil use and water quality. The long 
term vegetation development after years of hydrological changes may, however, 
diverge because of succession related to long-term competition between plants, 
dispersal of diaspores and herbivory, processes that could not be included in the 
present experiment. There were striking differences in vegetation development 
between both meadows (as related to land use, affecting a number of soil 
characteristics including those shown in Table 1), with a very strong decline of the 
vegetation for HAY and luxurious growth of Carex species for PAS in N, S, and SN 
treatments. This may partly be related to the strong eutrophication of HAY, leading to 
algal development in the water layer which hampered vegetation growth. In addition, 
the lower redox potential related to the sequential depletion of alternative electron 
acceptors (inducing more severe oxygen stress) and the higher concentration of 
potentially phytotoxic substances in sediment pore water as a result of higher 
decomposition rates, including H2S (for S-treated), nitrite (NO2~, for N-treated), NH4+, 
and possibly also organic acids which may have influenced vegetation development 
(Roelofs, 1991; Armstrong et al., 1996; de Graaf et al., 1998; Lamers et al., 1998; 
Lucassen et al., 2003; Van den Berg et al., 2005; Koch et al., 2007). It was, however 
clear that land use, leading to the above-mentioned effects, was the main determinant 
for the development of target (Carex) vegetation for marshland creation, and that 
more eutrophic soils require surface water with low concentrations of both SO42" and 
NO3". The observed development of the vegetation was in strong contrast to the 
effects of short term flooding (Banach et al., 2009b), where all treatments showed 
equal reduction in vegetation cover as a result of flooding. Nutrient availability may 
also directly influence vegetation development and, by competition, diversity. In our 
study we noticed that inundation led to higher availability of both N, K, and especially 
P. Based on nutrient ratios in plant tissue, the vegetation on both soils appeared to be 
N-limited only, as N:P ratios were lower than 12-14 g g"1 (Koerselman and Meuleman, 
1996; Gusewell et al., 2003; Olde Venterink et al., 2003). The increased availability of P 
due to flooding did not decrease these ratios in plant tissue, which further supports 
this idea. Although the increased availability of N may have changed the vegetation 
composition, the negative indirect effects of eutrophication, as explained above, 
appeared to be far more important for vegetation development.
Plant tissue C:N ratios were 14.6 and 7.9 for HAY and PAS, respectively (results 
not shown). These values are far below the critical level of 30 (Scheffer et al., 2001), 
suggesting a relatively strong potential for the decomposition of organic material at 
both locations. The apparently higher rate of decomposition for HAY could be caused 
by differences in P availability (Verhoeven and Arts, 1992), as the C:P ratio was 
significantly lower (p<0.05) for PAS (52 instead of 127, results not shown). This stresses 
the fact that peat formation is not only related to the development of potentially peat 
forming (Carex) vegetation, but also to the actual decomposition rates of its litter, as 
determined by interacting effects of land use and water quality.
Effects of long-term flooding on biogeochemistry and vegetation
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Conclusions
Our study showed that the effects of long-term inundation of meadows, as in projects 
aiming at the restoration of marshes along rivers to increase water storage capacity, 
are strongly determined by the interactions between land use (level of fertilization) 
and water quality. The actual effects on biogeochemistry and vegetation will, in 
addition, strongly depend on the actual flooding duration and frequency, the flooding 
season and the water level. We tested the creation of a permanently, shallowly 
flooded situation throughout the year, as this is one of the possible measures to 
combine the reduction of flooding risks for the population and the restoration of 
marshes along rivers. These results differ from those of short-term summer flooding 
(Banach et al., 2009b) where flooding itself had the most striking effects on plant 
ecophysiology and soil biogeochemistry, regardless water quality. As the rate of the 
different biogeochemical processes and the growth of plants are both significantly 
influenced by temperature, winter flooding will have much less effects (e.g. Beumer et 
al., 2008; Loeb et al., 2008b).
Our work emphasizes the important role of land use (level of fertilization). For 
heavily fertilized soils, desired vegetation development only seems possible if sulphate 
and nitrate levels in the surface water are low as in less polluted rivers (Lamers et al.,
2006). This means that for intensively used agricultural areas, water quality seems to 
be even more important than for other areas, which is rather unexpected. Strikingly, 
development of sedge fens was possible for less fertilized soils even at higher sulphate 
and nitrate levels, although plant biodiversity was still relatively low (partly due the 
absence of plant dispersal in our experiment) and peat formation is less probable due 
to still high levels of nutrients, presumably leading to high decomposition rates. 
Especially if water quality of rivers is still unfavourable with respect to sulphate and 
nitrate, restoration measures should concentrate on those areas that do not show a 
history of heavy fertilization.
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Abstract
Plants need different survival strategies in habitats differing in hydrological regimes. 
This probably has consequences for vegetation development when former floodplain 
areas that are currently confronted with soil flooding only, will be reconnected to the 
highly dynamical river bed. Such changes in river management are increasingly 
important, especially at locations where increased water retention can prevent 
flooding events in developed areas. It is therefore crucial to determine the responses 
of plant species from relatively low dynamic wetlands to complete submergence, and 
to compare these with those of species from river forelands, in order to find out what 
the effects of such landscape-scale changes on vegetation would be.
To compare the species' tolerance to complete submergence and their 
acclimation patterns, a greenhouse experiment was designed with a selection of 19 
species from two contrasting sites: permanently wet meadows in a former river 
foreland, and frequently submerged grasslands in a current river foreland. The plants 
were treated with short (3 weeks) and long (6 weeks) periods of complete 
submergence, to evaluate if survival, morphological responses, and changes in biomass 
differed between species of the two habitats.
All tested species inhabiting river forelands were classified as tolerant to 
complete submergence, whereas species from wet meadows showed either relatively 
intolerant, intermediate or tolerant responses. Species from floodplains showed in all 
treatments stronger shoot elongation, as well as higher production of biomass of 
leaves, stems, fine roots and taproots, compared with meadow species.
There is a strong need for the creation of temporary water retention basins 
during high levels of river discharge. However, based on the data presented, it is 
concluded that such reconnection of former wetlands (currently serving as meadows) 
to the main river bed will strongly influence plant species composition and abundance.
Introduction
Flooding of riverine areas can be an important stress factor for plants, when these 
cannot acclimate to the adverse conditions during submergence. Such flooding events 
have always been temporal, as they are caused by strong rainfall and snow melting, 
but recently peak discharges of European rivers have increased in volume due to 
extensive anthropogenic activities (such as regulation of rivers, removal of vegetation 
cover over large areas, intensive agriculture and building of dams and roads) (Blom and 
Voesenek, 1996). Human development is often near river beds, which is why it 
becomes more and more important to control flooding, in order to prevent substantial 
personal and financial damage. Reconnection of former river floodplains has been 
proposed as a measure to widen the river bed in periods of high water discharge, but 
so far it is not known how vegetation in these areas will respond to such a dramatic 
change in flooding regime. This study compares the flooding tolerance of plant species 
adapted to frequent river floods with that of species from former river forelands, thus 
yielding information on which changes in vegetation may be expected if such areas are 
reconnected to the current river bed.
Soil flooding causes displacement of gases when soil pores are filled with water. 
The low diffusion rate of oxygen in this medium (which is 10 000 times slower than in
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air; Armstrong, 1979) results in limitation of oxygen availability for plant roots, soil 
micro-organisms and chemical processes (Glinski and St^pniewski, 1985), and leads to 
a switch of aerobic metabolism of plants into less efficient anaerobic fermentation, 
causing a fast depletion of carbohydrate reserves (Bailey-Serres and Voesenek, 2008) 
and, in intolerant species, ultimately in plant death (Fox et al., 1995; Gibbs and 
Greenway, 2003). Additionally, accumulation in the soil of reduced phytotoxins (Fe2+, 
Mn2+, sulfide and, at high concentrations, ammonium; Snowden and Wheeler, 1993; 
Lucassen et al., 2000, 2002) can have a negative impact on plants, causing, among 
others, growth retardation, reduction in leaf size, wilting of shoots and necrosis 
(Snowden and Wheeler, 1993).
In response to the severity of flooding stress, terrestrial wetland species 
developed a variety of strategies to resist flooding (Vartapetian and Jackson, 1997; 
Bailey-Serres and Voesenek, 2008). High metabolic activity may be avoided during 
submergence in order to lower energy demand (Geigenberger, 2003), thereby saving 
carbohydrate reserves. Alternatively, increased shoot elongation can restore contact 
of leaves with the atmosphere (Banga et al., 1995; Voesenek et al., 2004), which 
combined with improved internal gas transport via aerenchyma formation results in a 
sufficiently high oxygen status (Armstrong, 1972; Visser et al., 1996; McDonald et al., 
2002; Colmer, 2003). If the water surface cannot be reached, underwater 
photosynthesis may improve carbohydrate and oxygen concentrations (Laan and Blom, 
1990; Mommer and Visser, 2005). Ultimately, survival during submergence will depend 
on the balance between costs and benefits of these acclimations, which are largely 
determined by timing, frequency, depth and duration of flooding (van Eck et al., 2004, 
2005; Voesenek et al., 2004), and also by the interaction between the floodwater 
properties and biochemical processes in the soil (van der Welle et al., 2007).
The flooding tolerance of species determines their distribution along flooding 
gradients in river forelands (Blom et al., 1990; van Eck et al., 2004). However, it is 
obvious that tolerance to soil flooding (waterlogging) requires a different suite of traits 
than tolerance to complete submergence does. Traits that improve internal gas 
transport between shoot and roots (Colmer, 2003) and that decrease vulnerability to 
toxic reduced soil components (Laan et al., 1989; Engelaar et al., 1995; Colmer, 2003) 
are imperative during soil flooding, whereas surviving complete submergence requires 
additional responses such as shoot elongation, underwater photosynthesis and/or a 
much more efficient use of carbohydrate stores (Mommer and Visser, 2005). This does 
not exclude that a single species can display both types of traits, as shown by Rumex 
crispus, which forms adventitious, aerenchymatous roots within just a few days after 
soil flooding (Visser et al., 1996), but also survives complete submergence under low 
light conditions for >2 years (Vervuren et al., 2003). However, adaptation to both types 
of flooding regimes is probably not very common, as indicated by the differences in 
species composition between habitats with permanent soil flooding and those with 
frequent deep flooding. Still, experimental screening of differences in tolerance to 
complete submergence of species from such contrasting wetland habitats has not 
been done so far.
If different strategies are needed in habitats differing in flooding regime, then this 
will have consequences for plant performance when hydrological conditions are 
altered (van Bodegom et al., 2006), for instance when areas that have been confronted
Differences in flooding tolerance between species from two wetland habitats
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for a long time with regular soil flooding only, are reconnected to the highly dynamical 
river bed. Such changes in river management are increasingly urgent (Wolsink, 2006), 
especially at locations where water retention can prevent flooding events in important 
urban, industrial and agricultural areas. The frequency of summer flooding events has 
increased during the last decades, because of emissions of greenhouse gases 
enhancing global warming and concomitantly hydrological cycles (Ulbricht et al., 2003; 
Kundzewicz et al., 2005). It is therefore crucial to know the responses of species from 
relatively low-dynamic wetlands to deep flooding, and compare these with those of 
species from river forelands, in order to find out what the effects of such landscape­
scale changes on vegetation would be.
In order to compare tolerance of species to flooding and their acclimation 
patterns, a greenhouse experiment was designed with 19 plant species from two 
contrasting sites: (1) permanently wet meadows in a former river foreland; (2) 
frequently submerged grasslands in a river foreland. Treatments with short (3 weeks) 
and longer (6 weeks) periods of complete submergence were used to find out if these 
species differed in their survival, morphological responses and growth upon deep 
flooding.
M aterials and m ethods
Research area
Plant material was collected from grasslands near the villages K^pa Solecka (51°08'N; 
21°47'E) and Kosiorow (51°13'N; 21°53'E), which are located in south-east Poland. 
These research areas differ in hydrological conditions and vegetation composition, as 
described below.
Seeds from K^pa Solecka were collected from grasslands on sandy clay in the 
river forelands of the Vistula River. This area is irregularly but frequently flooded in 
periods of winter or spring snow melting and after strong spring, summer and autumn 
rainfall. The vegetation distribution is influenced by these flooding events, as can be 
seen from a zonation that depends on the elevational gradient and on the distance 
from the river bed (data not shown). Plant material from Kosiorow was collected from 
flat, very moist meadows with peaty soil. In the past, this area was regularly flooded by 
the Chodelka River, a tributary of Vistula River, but dike building has protected it 
against flooding for 50 years. The current vegetation is dominated by Deschampsia 
cespitosa and Holcus lanatus, and the vegetation composition varies with soil 
moisture, content of soil organic matter and agricultural management (e.g. mowing, 
grazing, fertilization), but many species seem to be generally well adapted to high soil 
water tables.
Plant material
Nineteen plant species, including eight species from the K^pa Solecka floodplain 
and 11 species from the Kosiorow meadows, were selected based on abundance in the 
field, seed availability and germination success. According to Ellenberg's indicator 
values (Ellenberg et al., 1992), these species represent a range of preferences to 
different soil moisture conditions, although on average the species tended to prefer 
relatively moist to wet soil (5-7 on the scale of Ellenberg; Table 1). It should be noted
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that this scale does not discriminate between habitats with fluctuating water tables 
and stable/stagnant soil water.
The experiment was performed in two series, conducted in autumn and winter of 
two consecutive years, because of limitations in seed/ramet availability and space. 
These two autumn/winter periods did not show extreme warm periods, which made 
control of greenhouse conditions (see below) very much comparable between the two 
years. The majority of plants (Achillea millefolium, Arabidopsis suecica, Cerastium 
fontanum, Deschampsia cespitosa, Linaria vulgaris, Lolium perenne, Phleum pratense, 
Plantago lanceolata, Plantago major, Prunella vulgaris, Ranunculus acris, Rumex 
acetosa, Rumex confertus, Rumex crispus, Silene pratensis and Verbascum densiflorum) 
were raised from seeds collected in one of the research areas. The seeds were 
germinated on moist filter paper in Petri dishes in a growth cabinet [photosynthetic 
photon flux density (PPFD) 20 ^mol m-2 s 1 at plant level, day 12 h 20°C, night 12 h 
10°C] for about 1 week. Then, the seedlings were transplanted onto polyethylene 
granules soaked with nutrient solution (Visser et al., 1996) and placed in a climate 
room (PPFD 200 ^mol m-2 s-1 during 16 h per day, temperature 22°C, air humidity 50%) 
for 3 weeks. Galium boreale, Galium palustre and Holcus lanatus plants originated 
from cuttings made from plants collected from meadows in Kosiorow, since 
insufficient viable seeds could be collected. These plants were pre-grown in the 
greenhouse (light conditions >100 ^mol m-2 s-1 PPFD by additional lighting for 16 h per 
day, temperature approx. 20°C).
After 3 weeks all plant species were planted into polyethylene pots (8x8x9 cm) 
filled with a mixture (1:1, v/v) of sieved fertilized potting soil and river sand, and placed 
in the greenhouse for 2 weeks to acclimatize. The positions of the pots were changed 
regularly to avoid the influence of local conditions on growth of replicate plants.
Differences in flooding tolerance between species from two wetland habitats
Table 1. Plant species used in the experiment, including a brief description of their 
habitat and indicator values for soil moisturebased on Ellenberg et al. (1992)
Specie s Abbreviation Fam ily HabitaL E llenberg ’s value O rigin
Ach illea  m ille fo lium A m Asteraceae Dry 4 R iver foreland
Arabi dop sis suecica A s Bras sic aceae * - W et m eadow
Cerastium  fon tanum C f Caryophy 11 aceae Interm ediate m oist 5 W et m eadow
D escham psia cesp itosa D e Poaceae Very m oist 7 W et m eadow
Calium  boreale G b Rubi aceae Interm ediate to very m oist 6 W et m eadow
Caliuni p a lustre G p Rubi aceae W et, oxygen poor soil 9 W et m eadow
H olcus lanatus Hl Poaceae Interm ediate to very m oist 6 W et m eadow
L in a n a  vulga ris Lv S crop hui ariaceae Dry 4 W et m eadow
Lolium  perenne Lp Poaceae Interm ediate m oist 5 R iver foreland
P hleum  pratense Pp Poaceae Interm ediate m oist 5 R iver foreland
P lantago lanceolata PI Plantaginaceae Indifferent X R iver foreland
P lantago m a jor Pm Planlaginaceae Interm ediate m oist 5 R iver foreland
P runella  vulgaris Pv Lam i aceae Interm ediate m oist 5 R iver foreland
R anunculus acris R acr R a nunc ul aceae Interm ediate to very m oist 6 W et m eadow
R um ex  acetosa R a Polygonaceae Indifferent - W et m eadow
R um ex confertus R eo Polygonaceae * - R iver foreland
R um ex  crispus R er Polygonaceae Very m oist 7 R iver foreland
S ilene  pratensis Sp Caryophy 11 aceae Dry 4 W et m eadow
Verbascum d ensiflorum V d S c rop hui anace ae Dry 4 W et m eadow
*, Not listed in Ellenberg et al. (1992).
Experimental design
Well-developed young plants were selected for the experiment, distributing size 
classes equally over the treatments. An initial group was harvested at the beginning of 
the experiment in order to determine initial size and weight of the plants. Plants of 
each species were subjected to four treatments with flooding and recovery periods as
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shown in Fig. 1. Control plants were grown for 8 weeks with watering three times a 
week. Two groups received a short flooding of 3 weeks, followed by either 2 weeks or
5 weeks of recovery under control conditions. Finally, one group received a long 
flooding of 6 weeks followed by 2 weeks of recovery.
The durations of the flooding periods were chosen according to data from 
previous experiments (Blom et al., 1990; van Eck et al., 2004), where these durations 
proved to result in substantially different responses in tolerant and intolerant species. 
A recovery period in the experimental design is essential to distinguish between dead 
and viable individuals; immediately after de-submergence this is not feasible. 
Furthermore, re-aeration after flooding can lead to the formation of free oxygen 
radicals and post-anoxic injury (Crawford and Brandle, 1996). The damage in plant cells 
caused by the radicals can result in death of plants within 2 weeks of flooding, if these 
do not possess mechanisms preventing such excessive oxidation processes (Nabben et 
al., 1999). Two different durations of recovery following short flooding were chosen to 
be able to compare the effect of short flooding with control plant growth (no flooding 
for 8 weeks), and, alternatively, to compare two different flooding durations (short and 
long flooding) followed by a similar recovery period.
Plants subjected to flooding treatments were randomly placed in two basins 
(diameter 1.85 m, depth 0.9 m) in the greenhouse, which were filled with tap water 2 
weeks before the beginning of the experiment. The depth of water column was kept to 
60 cm above pot level in order to ensure complete submergence of all plants. The 
water was mechanically circulated and filtered to reduce algae growth, and the filtered 
water returned to the basin via a small waterfall, thereby restoring the equilibrium of 
the dissolved gases with the air. Dissolved carbon dioxide concentrations were around 
15 (at 20°C and pH 8.4), as measured earlier in similar experiments (Mommer et 
al., 2006).
Conditions
Treatment I I Drained I I Flooded
1. Control I I
2. Short flooding
with 2 weeks ^  I
of recovery
3. Short flooding _______________________________________________________________________
with 5 weeks | | |
of recovery
4. Long flooding _______________________________________________________________________
with 2 weeks | | |
of recovery
ï I 2 I 3 I 4 I 5 I 6 I 7 I 8 ^
Time (weeks)
Fig. 1. Scheme of the experimental set-up testing the impact of flooding on survival 
and performance of selected plant species. Open bars represent growth under control 
conditions, whereas grey bars indicate complete submergence.
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The PPFD was regularly measured in basins and ranged at plant level between 7 
and 24 ^mol m-2 s 1. After 5 and 8 weeks, depending on the treatments, survival of 
plants was determined based on plant appearance. Plants with any green turgid leaves 
were assigned as viable (Nabben et al., 1999; van Eck et al., 2004). When >50% of the 
plants of a species died after the short flooding treatment of 3 weeks, this species was 
supposed to be relatively intolerant. When >50% of the plants died after the long 
flooding treatment, a species was classified as intermediately tolerant, and when >50% 
of the plants survived 6 weeks of flooding it was rated as tolerant, similar to the 
classification as proposed by Blom et al. (1990) and van Eck et al. (2004).
At harvest, height of the shoot and length of the longest leaf were measured of 
the surviving plants in each treatment, in order to estimate which flooding depth could 
be overgrown by the shoot, after which the root system was gently washed out of the 
soil. No clear indications of excessive release of toxic compounds from the soil in the 
submerged pots, such as precipitations of Fe or sulphide, were found. Plants were 
divided into leaves (including petioles), stems, taproots and fine roots and dried at 
70°C for 48 h.
Data Analysis
Statistical testing of data on dry weight of leaves, stems, taproots, fine roots and 
plant height did not include relatively intolerant species, because in these cases the 
number of replicates was insufficient. Data were log(x+1) transformed to meet the 
assumptions of normal distribution and homogeneity of variance, and analysed with 
SPSS version 15.0 (SPSS Inc., Chicago, IL, USA) and SAS version 9.1 (SAS Institute Inc., 
Cary, NC, USA).
The data were examined with two two-way nested ANOVAs, with treatment and 
habitat or tolerance level as fixed factors and species as random factor. In the first 
analysis, species were nested within habitat, whereas in the second analysis species 
were nested within tolerance level. Treatment means were compared with Tukey's 
tests.
Results
Survival
The survival during flooding treatments was significantly different (p<0.001) for plant 
species from the two research areas (Fig. 2A). All species inhabiting river foreland 
survived both 3 and 6 weeks of flooding and were thus classified as tolerant (for 
classification criteria, see Materials and methods), whereas species from wet meadows 
showed one of three responses: relatively intolerant (three species -  Galium palustre, 
Silene pratensis and Verbascum densiflorum), intermediate (six species -  Arabidopsis 
suecica, Cerastium fontanum, Galium boreale, Holcus lanatus, Linaria vulgaris and 
Rumex acetosa) or tolerant (two species -  Deschampsia cespitosa and Ranunculus 
acris).
Among the species that were tolerant to flooding, eight of them (Deschampsia 
cespitosa, Plantago lanceolata, Plantago major, Phleum pratense, Prunella vulgaris, 
Rumex acetosa, Rumex confertus and Rumex crispus) showed no mortality at all,
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whereas survival rates of Achillea millefolium, Lolium perenne and Ranunculus acris 
decreased by 20-30% after 6 weeks of flooding (Fig. 2A).
0 1 2 3 4 5 6  2 5
Flooding duration (weeks) Re-growth duration (weeks)
Fig. 2. Relationship between (A) flooding duration and plant survival and (B) re-growth 
duration after 3 weeks of flooding and survival. The species abbreviations are as listed 
in Table 1. Closed symbols, plants inhabiting river foreland; open symbols, plants from 
wet meadows; black continuous lines, tolerant species; grey lines, intermediate 
species; black dashed lines, relatively intolerant species. The initial number of plants 
was eight in the control treatment (except for Pv, Sp and As, in which it was seven, and 
Hl and Gb, in which it was six), nine in short flooding treatments and eight in the long 
flooding treatment (except for As, in which it was six, and Lv, in which it was nine).
In order to allow comparisons between plants with the same growth period 
above water, and also between plants that had the same growth period overall during 
the experiment, the experimental set-up included two short flooding treatments 
followed by a recovery period of different duration. The length of this re-growth 
period had no influence on survival of plant species that originated from the river 
foreland, whereas it negatively affected some relatively intolerant and intermediately 
tolerant meadow species (Galium palustre and Silene pratensis as well as Arabidopsis 
suecica and Linaria vulgaris; Fig. 2B). The increased mortality during recovery was 
probably due to strong decay of the roots during the submergence period, which was 
confirmed by a significant positive correlation between root : shoot ratio of plant 
species treated with 3 weeks of flooding followed by 2 weeks of recovery, and their 
survival rates when allowed to grow for another 3 weeks (5 weeks of re-growth) 
(R2=0.84, p<0.01). Furthermore, it was observed that in a number of Arabidopsis 
suecica plants, decay of the roots or the root-shoot junction during submergence 
caused detachment of the shoot, which floated up to the water surface and died.
Biomass
The results of two separate two-way nested ANOVAs on the effects of treatment, 
habitat, species nested within habitat, and their interactions, and on treatment,
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tolerance level, species nested within tolerance level, and their interactions on plant 
biomass parameters and plant height are presented in Table 2. During the course of 
the experiment, significant differences developed between species originating from 
the two habitats (Fig. 3). Species from river forelands subjected to all treatments were 
characterized by a higher production of total biomass, biomass of leaves, stems, fine 
roots and taproots than wet meadow species. The latter group, on the other hand, had 
higher root : shoot ratios. When comparing groups of species with different tolerance 
level to flooding, dry weights of leaves and roots were higher in the tolerant than in 
the intermediate group, but ro o t: shoot ratios showed an opposite response.
Table 2. Effects of (A) treatment, habitat, species nested within habitat and their 
interactions and (B) treatment, tolerance level, species nested within tolerance level 
and their interactions on total dry biomass, leaf dry biomass, stem dry biomass, 
taproot dry biomass, fine root biomass, root: shoot ratio and plant height of the 
various species
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(A)
F-values for:
Treatm ent
(d.f. =  3)
H abitat 
(d .f. =  l)
Treatm ent x  habitat
(d.f. =  3)
Species(habitat) 
(d.f. =  17)
Treatm ent x  species(habitat)
(d .f. =  36)
T o lal dry b iom ass (g) 743*** 121*** 7-41*** 31 4 * * * 8-26***
L eaf d ry b iom ass (g) 50-6*** 503*** 15-2*** 76-2*** 5-70***
Stem  dry  b iom ass (g) 584*** 5 8 0 * * * 45-3*** 6-78***
Tapm ol dry b iom ass (g ) 390*** 22-2*** 14-3*** 69-9*** 22-8***
Fine roots dry b iom ass (g) 251*** 285*** 82-9*** 221*** 77-4***
R o o t: shoot ratio 1081*** 464*** 4 1 .3*** 4 9 .O*** 7 .26***
Plant heigh t (cm ) 19.9 *** 8-96*** 32-3*** g.7 ]***
(B)
F-values for:
Treatm ent
(d.f. =  3 )
Tolerance 
(d.f. =  2 )
Treatm ent x  tolerance
(d.f. =  3)
Species(tolerance) 
(d.f. =  16)
T reatm ent x  species( tolerance) 
(d.f. =  36)
Total dry b iom ass (g) 437*** 72-2*** 130 * * * 280*** 7-75***
L eaf d ry b iom ass (g) 51-0*** 372*** 17-1 *** 4 7 .^*** 5 .3 7 ***
Stem  dry  b iom ass (g) 402*** 189*** 43-4*** 62-4*** 8-04***
Taproot drv b iom ass (g) 272*** 10-2*** 8-35*** 78-9*** 23-6***
Fine roots ihy  b iom ass (g) 137*** 9 9 2 * * * 25-3*** 253*** 82-0***
R o o t: shoot ratio 737*** 215*** 36-1*** 65-9*** 7-80***
Plant heigh t (cm) 79_0*** J9.7*** 13 .5 *** 3 3 .8 *** 6-25***
Effects were tested with two-way nested ANOVAs. Average values of the various traits are given in Figs 3 
and 4. Level of significance: * * *  p< 0.001.
The majority of tolerant species gained more leaf biomass than was lost due to 
decay during flooding (e.g. Plantago major, Deschampsia cespitosa, Prunella vulgaris, 
Plantago lanceolata and Rumex confertus; Fig. 3). This indicates that biomass 
production continued during flooding or commenced soon thereafter. In case of 
Rumex crispus, the 5-week re-growth period following short flooding resulted even in a 
shoot biomass comparable to that of the control plants, which grew for the same 
period (8 weeks) under non-flooded conditions. Lolium perenne, Achillea millefolium, 
Phleum pratense and Ranunculus acris increased their leaf biomass in both short 
flooding treatments when compared with the initial harvest, but their growth was 
negatively influenced during 6 weeks of flooding. Among the intermediate species, 
Arabidopsis suecica, Galium boreale, Holcus lanatus and Rumex acetosa increased or 
still maintained their leaf biomass during short flooding, whereas Cerastium fontanum 
and Linaria vulgaris were less sustainable to the biomass. Similar to the leaf biomass 
responses, tolerant species also increased their stem biomass (Plantago major and 
Ranunculus acris), and some of them actually reached the size of control plants during 
the 5 weeks of recovery after short flooding (Deschampsia cespitosa, Plantago
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lanceolata, Prunella vulgaris and Rumex confertus). During and after submergence, 
stem biomass did not change in two tolerant species (Phleum pratense and Rumex 
crispus), in none of the intermediate species (Arabidopsis suecica, Cerastium 
fontanum, Galium boreale, Holcus lanatus, Linaria vulgaris and Rumex acetosa) and in 
one relatively intolerant species Galium palustre (Fig. 3).
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Fig. 3. Biomass of the various species after being subjected to different flooding 
treatments. The group of tolerance level is indicated in parenthesis after the species 
name: t, tolerant; m, intermediate; i, intolerant. The following treatments were 
applied: initial harvest, control growth for 8 weeks, short flooding for 3 weeks followed 
by 2 weeks of recovery, short flooding followed by 5 weeks of recovery, and long 
flooding for 6 weeks followed by 2 weeks recovery, respectively. The columns present 
means of dry weight of the different plant compartments as indicated: above-ground 
biomass shown above the x-axis and belowground biomass as negative values below 
the x-axis; d indicates that none of the replicates survived the treatment. Error bars 
indicate the standard error. Initial replicate numbers are shown in the legend to Fig. 2. 
The initial number of plants (species abbreviations as listed in Table 1) was eight in the 
control treatment (except for Pv, Sp and As in which it was seven, and Hl and Gb in 
which it was six), nine in short flooding treatments and eight in the long flooding 
treatment (except for As in which it was six, and Lv in which it was nine). Please note 
that panels have different scales.
The taproot biomass of the river foreland species Plantago lanceolata, Plantago 
major, Rumex acetosa, Rumex confertus and Rumex crispus increased significantly in all 
treatments in comparison to the initial harvest, even after 6 weeks of submergence 
(Fig. 3). Fine roots of most of the examined species, however, were generally not able 
to grow well in the flooding treatments. Exceptions were Plantago lanceolata, Rumex 
confertus, Rumex crispus and Plantago major, which increased fine root biomass 
including adventitious roots during or just after long submergence, although in the
66
latter species 6 weeks of flooding caused stronger decay of the root system, resulting 
overall in loss of root biomass. In Achillea millefolium and Deschampsia cespitosa, fine 
root biomass when subjected to short submergence was similar to that of the initial 
harvest, but decreased after long flooding. Finally, roots of Arabidopsis suecica, 
Cerastium fontanum and Galium palustre showed decay rather than new growth. 
Other intermediate species maintained their initial root biomass during both flooding 
treatments, if they survived.
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i— b Fine roots
Initial Control Short Short Longtlood 
flood+2 flood+ 5
Fig. 3. Continued.
Shoot elongation
The maximum height of plants subjected to the flooding treatments indicates the 
species' ability of shoot elongation, which under favourable conditions can help to 
restore contact of leaves with the atmosphere. In the current experiment, none of the 
species was able to reach the water surface of the 60-cm-deep basin, except for the 
tallest individuals of Galium palustre, Holcus lanatus and Linaria vulgaris immediately 
at the start of flooding. However, these longer stem and leaf parts died within a couple 
of days and did not improve survival of these plants.
The tolerant species Phleum pratense, Deschampsia cespitosa and the 
intermediate species Holcus lanatus elongated their shoots to about 30-35 cm and 
thereby positioned their leaves at a level in the water column with superior light
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conditions. Increased flooding duration resulted in a decline in height (Fig. 4A), 
because of partial shoot decay. The only exception was Prunella vulgaris, a tolerant 
species, which increased in height to a similar extent during short and long 
submergence.
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Fig. 4. Height of the various species originating from (A) river foreland and (B) from wet 
meadows after being subjected to different flooding treatments. The species 
abbreviations are as listed in Table 1. Symbols present means; error bars indicate 
standard error. Closed symbols, plants inhabiting river foreland; open symbols, plants 
from wet meadows; black continuous lines, tolerant species; grey lines, intermediate 
species; black dashed lines, relatively intolerant species. Treatment replicates initially 
were five in the initial group (except for Hl in which it was four), eight in control 
(except of Pv, Sp and As, in which it was seven, and Hl and Gb in which it was six), nine 
in both treatments with short flooding and eight in long flooding treatment (except for 
As and Lv in which it was six and nine, respectively). Later, during the course of the 
experiment, the number of replicates depended on their survival during and after 
flooding.
Almost all tolerant plant species (Achillea millefolium, Deschampsia cespitosa, 
Plantago lanceolata, Plantago major, Prunella vulgaris, Ranunculus acris, Rumex 
acetosa, Rumex confertus and Rumex crispus) elongated their shoot during flooding or 
in the re-growth period immediately thereafter, when compared with the initial 
harvest. Surprisingly, also the intermediate species Arabidopsis suecica showed 
elongation of the shoot under water during the 3 weeks of flooding treatment, 
although long flooding caused death of all plants. The remaining species, including the 
two relatively tolerant grass species Lolium perenne and Phleum pratense, did not 
increase their height (Fig. 4A), but observations during the submergence period 
indicated that also these plants (with exception of Silene pratensis and Verbascum 
densiflorum) had a more vertical positioning of their leaves, thus reaching closer to the 
water surface.
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As expected, the prolonged 5-week recovery after 3 weeks of submergence 
usually resulted in a height increase compared with the 2 weeks of re-growth period 
(Fig. 4B), but total height was still lower than that of the control group. Only three 
tolerant species (Prunella vulgaris, Rumex confertus and Rumex crispus) and one 
intermediate species (Cerastium fontanum) elongated very fast and reached or 
exceeded the height of plants grown under control conditions for the same duration (8 
weeks).
Discussion
Irregular flooding can be an important stress factor for plants that inherently do not 
possess or are not able to develop traits enabling survival in submerged conditions. 
Especially spring and summer floods, which occur after strong rains (Blom and 
Voesenek, 1996), have a high impact on plant survival (Vervuren et al., 2003; van Eck 
et al., 2004). Based on the results presented here, it can be concluded that plants from 
wet meadows are likely to be less tolerant to complete submergence than plants from 
frequently flooded river forelands. All species from the latter habitat that were tested 
in the present experiment were able to survive even 6 weeks of complete 
submergence.
Wet meadow plants, which are continuously confronted with high soil moisture 
and temporary shallow soil flooding, probably possess traits that enable them to cope 
with oxygen limitation in the root zone and with unfavourable biogeochemical 
reduction processes. However, deeper flooding, when plants are completely 
submerged and oxygen, carbon dioxide and light availability are strongly limited, 
seems to require solutions at the whole plant level, including the shoot. The majority 
of plant species from wet meadows could survive only 3 weeks of complete 
submergence. Two species growing at somewhat drier, sandier and higher elevated 
sites in these meadows, Silene pratensis and Verbascum densiflorum, together with a 
species from wetter sites in the meadows, Galium palustre, did not even survive this 
short flooding. The latter species is well-known as a true wetland species, even though 
its roots are thin and do not contain aerenchyma (Justin and Armstrong, 1987). It is 
likely that its roots tend to grow in the upper layers of the flooded soil, which becomes 
more oxygen-deficient during deeper floods. The remaining two species from these 
meadows, Deschampsia cespitosa and Ranunculus acris, survived 6 weeks of complete 
submergence and were classified as tolerant, although the latter species lost a large 
part of its biomass.
Enhanced shoot elongation is a well-known acclimation of terrestrial plants to 
complete submergence that can restore the contact of the leaves with light, carbon 
dioxide and oxygen. It can be a result of increased stem, petiole or lamina growth, and 
is accompanied by a vertical orientation of the leaves (hyponasty) (Laan and Blom, 
1990; Banga et al., 1995; Blom and Voesenek, 1996). However, this type of response 
requires considerable energy and carbohydrate input (Groeneveld and Voesenek, 
2003) and it is beneficial only when prolonged and/or relatively shallow floods occur. 
For this reason it was suggested that fast-elongating species should be found rather in 
flood-prone environments with slow drainage and shallow temporal pools (Voesenek 
et al., 2004).
Differences in flooding tolerance between species from two wetland habitats
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The present data indicate a significant difference in shoot elongation between 
species from river foreland and those from wet meadows (treatment x habitat effect 
on shoot height; Table 2A), which results particularly from the collapse of many 
meadow species after 6 weeks of flooding (Fig. 4). This is strengthening the results 
obtained by Voesenek et al. (2004), who subjected plants to the gaseous plant 
hormone ethylene to determine their potential for shoot elongation. Species from 
sites that were regularly flooded for longer duration with shallow water depth showed 
stronger responses than those from habitats with different flooding characteristics 
(e.g. no prolonged flooding or only deep flooding). The present study, however, 
considered the effect of complete submergence on the plant as a whole, creating more 
complex stress conditions. Here too, shoot elongation appeared to be an important 
feature of floodplain species, and even though these plants were not able to restore 
contact with the atmosphere, they placed their shoots in such a position that 
underwater photosynthesis was optimized. To a lesser extent, also many of the less­
tolerant species showed such responses, particularly by increasing the angle of the 
leaves towards a vertical position. This hyponasty may have shared response pathways 
with shade avoidance, causing a constitutive response under water even in non­
wetland plants (Pierik et al., 2005), and, thus, potentially contributing to underwater 
photosynthesis. This trait may lead to an improved carbohydrate and oxygen status 
(Rijnders et al., 2000; Mommer et al., 2004) and is likely to be an important process 
allowing plants to survive. However, in previous studies it was shown that flooding­
tolerant species formed new leaves under water that are acclimated to submergence, 
whereas intolerant species did not possess such abilities (Mommer et al., 2006). 
Moreover, intolerant species did not have sufficient capacity for internal gas transport, 
which makes it unlikely that underwater photosynthesis attributes substantially to 
survival of these species (Mommer and Visser, 2005). Evidence for this was particularly 
clear from Arabidopsis suecica, which showed complete disintegration of the root- 
shoot junction even though the leaves appeared green and viable.
Plant species from both types of wetland habitats showed not only large 
differences in survival upon complete flooding, but also displayed different patterns 
regarding the maintenance of biomass and shoot elongation. Additional to survival 
rate, observed biomass changes can provide valuable information about the condition 
of the plants, their tolerance to total submergence (Gibbs and Greenway, 2003; van 
Eck et al., 2004) and their ability to compete with neighbours after de-submergence 
(Lenssen et al., 2004). Larger plants are likely to have a competitive advantage over 
plants that just barely survived the flooding period.
The present experiment showed that tolerant species were generally able to 
maintain or increase their leaf biomass even during 6 weeks of flooding. In comparison 
to the tolerant group, intermediate species lost more of their leaf biomass during the 
short flood, leading to a considerable reduction of survival rate when flooding lasted 
longer. In some cases, leaf biomass actually increased during short flooding; however, 
these species all died during longer flooding, potentially because biomass allocation to 
these leaves was costly and rendered too few benefits. The results confirm earlier data 
describing similar patterns of leaf biomass reduction in relation to tolerance to 
flooding with a limited number of species (flooding-intolerant Daucus carota, more­
tolerant Rumex acetosa and tolerant Rumex crispus; van Eck et al., 2005). In this study,
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Daucus carota apparently was not able to access its reserve of carbohydrates, probably 
because it lacked production of the specific enzymes required to mobilize 
carbohydrates during flooding, whereas Rumex acetosa and Rumex crispus could profit 
from carbohydrate stores and thus slow down the rate of decay of their biomass (van 
Eck et al., 2005). However, taproot biomass, being the main store of carbohydrates, 
did not specifically show decreases in the tolerant species in the present experiment.
Since under flooded conditions, when most soil nutrients are more readily 
available (Lamers et al., 2006), the presence of a well-developed fine root system is 
probably not the most crucial requirement for survival. Additionally, the maintenance 
of roots surrounded by hypoxic or anoxic soil requires a continuous oxygen supply to 
these roots (Vartapetian and Jackson, 1997). The tolerant species in our experiment 
(except for Achillea millefolium) from both habitats generally were still able to enhance 
or maintain their root biomass during flooding. This indicates that these plants were 
probably able to photosynthesize under water or to take up oxygen via their leaves 
(Mommer et al., 2004, 2005), and that they possessed an efficient within-plant system 
of gas transport (Laan et al., 1989; Blom et al., 1994). In contrast, most intermediate 
species lost more fine root biomass during 3 weeks of flooding than they re-gained 
during the recovery periods. However, this loss of root biomass had no apparent effect 
on plant performance under water, except for when the decay of roots and the root- 
shoot junction caused detachment of the shoot from the roots, as observed in 
Arabidopsis suecica plants. Much more important is the role that roots probably play 
immediately after the flooding period, when their condition and biomass gain will be 
decisive for plant survival. It is likely that substantial decay of roots can be the reason 
for plant death occurring up to 2 weeks after de-submergence, typically well after the 
period where post-anoxic injury due to radical oxygen species may result in reduction 
of survival rate (Nabben et al., 1999). In the present experiment, soils were still quite 
wet in the first few days immediately after flooding, but later became gradually drier. 
Under these conditions, the small number of very short roots of the relatively 
intolerant species Galium palustre and Silene pratensis, and of the intermediate 
species Arabidopsis suecica and Linaria vulgaris, were not able to provide the plants 
with sufficient water. Consequently, plants with a low root : shoot ratio 2 weeks after 
the short flooding generally showed lower survival rates after 5 weeks of re-growth.
Surprisingly, the patterns of total biomass development in tolerant and 
intermediate species were not as predictable as shown by van Eck et al. (2004). 
Tolerant plant species in the present experiment could either have high biomass loss 
followed by fast recovery in the re-growth period (e.g. Achillea millefolium, Lolium 
perenne and Phleum pratense), or little biomass loss, followed by slower recovery. At 
the other hand, although most intermediate species lost quite a large amount of 
biomass during the short flooding, some of them maintained or even increased their 
total biomass compared with the initial harvest, but still could not survive the longer 
flooding treatment. Apparently, total biomass development during a flooding period 
does not necessarily predict the tolerance of a plant species. Plants of certain species 
can survive long periods of flooding with very small biomass (and have high recovery 
growth afterwards), and species that initially maintain a great biomass may suddenly 
collapse.
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Conclusions
Based on the data presented here, it is concluded that if former river forelands, which 
were transformed into either dry or wet meadows, are reconnected to the main river 
bed (e.g. to function as temporary water retention basins during high levels of river 
discharge), this would strongly influence plant species composition and abundance. 
This effect will be modified by submergence depth, duration, timing, frequency, water 
quality, turbidity and flow. Such conditions are likely to favour species adapted not 
only to soil flooding but also to complete submergence. Flooding events in winter and 
early spring or short summer submergence (<3 weeks) are not likely to cause such 
dramatic changes, because they probably will not eliminate the species that have an 
intermediate flooding tolerance. Much higher impact will have long floods in the 
growing season, which may lead to the disappearance of the majority of species 
present, and to disturbance of the balance between any remaining species (e.g. in the 
case of the present research area, between the two co-dominant grasses, the 
intermediately tolerant species Holcus lanatus and the tolerant species Deschampsia 
cespitosa, favouring the development of the latter one).
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Abstract
Many lakes worldwide are exposed to high anthropogenic impacts including the influx 
of polluted surface water, groundwater, and precipitation. Activities such as fish 
culture and agriculture in the catchment constitute an additional stress affecting 
biodiversity. We selected the shallow Lake Bartkowtug in Poland, currently being used 
as a fish pond, as a model study site for water quality improvement strategies. The first 
restoration option, studied in the field, involved the isolation of the lake from the inlet 
of alkaline, eutrophic river water and the restoration of groundwater discharge. Next 
we experimentally investigated two alternative mitigation measures: temporary 
desiccation by water table draw-down and the addition of Fe, both in order to reduce 
P availability in the water layer to enable higher biodiversity.
Groundwater appeared to be less nutrient-rich than the inflowing surface water. 
However, it contained high concentrations of SO42- and very low concentrations of Fe 
which may cause problems during restoration due to higher risks of phosphate 
mobilization. Moreover, the local hydrology showed hardly any discharge of 
groundwater with the exception of spring, even during draw-down of the surface 
water level. Short-term desiccation (one week) in the field did not improve water 
quality. A laboratory experiment to predict the effects of water quality changes 
showed that higher alkalinity led to higher SRP levels by internal mobilization. Longer- 
term desiccation during this experiment showed that SRP concentrations became 
lower in pore water but not in the water layer due to low Fe concentrations of the 
sediment. The final measure tested, Fe addition to the sediment, strongly improved 
water quality by P sequestration leading to the almost complete disappearance of SRP 
in both pore- and surface water.
For the studied lake, successful improvement of the water quality and 
biodiversity can therefore only be achieved by a combination of measures. First, the 
present use of the lake should be changed by fish removal. In addition, river water 
input should be reduced and water table fluctuation allowed, with groundwater 
discharge in spring. To reduce internal P-mobilization and improve the effects of yearly 
desiccation, Fe addition would be effective, provided the influx of P and SO42- can be 
sufficiently decreased. We show that the combination of field research and laboratory 
feasibility tests can avoid less efficient and more costly improvement or restoration 
approaches based on trial and error in the field.
Introduction
At a global scale, lakes are exposed to high influx rates of nutrients from surface water, 
groundwater, and precipitation. Activities such as fish culture leading to high inputs 
and mobilization of nutrients, and agriculture in the catchment leading to leaching of 
nutrients constitute additional stress factors affecting biodiversity. Particularly small 
and shallow lakes with a relatively small volume and lacking stratification can be highly 
affected. Fish play an important role in nutrient transport in water affecting, in this 
way, species composition in freshwater systems. When external P loading to lakes 
decreases, the role of benthivorous fish becomes more important (Hendrixon et al.,
2007). Moreover, there are indirect effects of fish resulting from trophic interactions 
(Gulati and Van Donk, 2002; Sereda, 2008; Boros et al., 2009).
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Eutrophication and a change in Acid Neutralizing Capacity (ANC) leading to either 
acidification or alkalinization, are two important biogeochemical stressors for the 
functioning and biodiversity of lakes. Eutrophication may result both from external 
nutrient input, e.g. via river water or leaching from agricultural fields, and from 
increased mobilization from the lake sediment (internal eutrophication, Roelofs, 1991; 
Smolders et al., 2006a; S0ndergaard et al., 2007). The latter is related to 
biogeochemical processes depending on the availability of different organic substrates 
acting as electron donors and on the availability of different electron acceptors. These 
are involved in the decomposition of sediment organic matter and the concomitant 
mineralization of nutrients by microbial communities. For anaerobic sediments, 
sulphate (SO42-) may be an important alternative electron acceptor responsible for the 
internal mobilization of nutrients. There are several sources of this compound for 
lakes: atmospheric deposition, inlet of polluted water (e.g. due to mining activities), 
aerobic pyrite oxidation and chemolithotrophic denitrification (Lamers et al., 2001; 
Haaijer et al., 2006). SO42" is easily reduced under anaerobic conditions and 
accumulates in sediments in reduced form. In addition, sulphide (H2S) produced 
interacts with Fe-P cycle resulting in Fe reduction and concomitant phosphate release 
to the sediment pore water and to the water column. Moreover, SO42- reduction 
generates alkalinity (bicarbonate, HCO3 ) which is an additional threat as 
decomposition processes can be accelerated under alkaline conditions and lead to a 
higher nutrient mobilization rates (Caraco et al., 1989; Roelofs, 1991; Lamers et al., 
1998a; Smolders et al., 2006a; Zak et al., 2006). Additional alkalinization could also be 
caused by the inlet of alkaline water or by liming of the catchment or surface water 
(Lamers et al., 1998a; Brouwer and Roelofs, 2001). There is a strong release of 
nutrients and reduced compounds under these conditions, which eventually leads to 
the decline of the aquatic vegetation (Roelofs, 1991; Lamers et al., 1998a; Geurts et al.,
2009).
While alkalinization is an acid consuming process, desiccation leads to the 
opposite situation. During drought sediments become aerated, which leads to the 
oxidation of previously reduced and potentially phytotoxic compounds. In this way 
sulphide deposits (metal-sulphides, e.g. FeSx, including pyrite) are converted to SO42- 
again with concomitant proton generation. If the ANC of sediment is insufficient, the 
pH will drop leading to mobilization of heavy metals and influencing vegetation 
composition (Portnoy, 1999; Lucassen et al., 2002; Lucassen et al., 2005). In addition, 
re-wetting of previously desiccated sediments could lead to much stronger 
eutrophication due to high SO42- concentrations in sediment pore water (Lamers et al., 
1998b; Lucassen et al., 2005). On the other hand, however, oxidation could result in 
phosphate immobilization via its binding to oxidized Fe, and fluctuating water levels 
could promote nitrogen losses due to the coupling of nitrification and denitrification 
(Berendse et al., 1994; Moore and Reddy, 1994; Smolders et al., 2006a). In this way, 
water table draw-down could provide an easy measure to reduce both P and N 
concentrations in lakes. This would be beneficial for plant biodiversity due to a shift 
from a turbid state dominated by algae or cyanobacteria to a clear water state 
dominated by submerged plants (Scheffer et al., 1993; Scheffer and van Nes, 2007). 
Discharge of groundwater rich in base cations, bicarbonate and Fe in a lake can be
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valuable for counteracting both acidification (higher ANC) and eutrophication 
(immobilization of P by Fe and Ca) (Lucassen et al., 2004; 2005; Smolders et al., 2006b).
In order to improve water quality of eutrophied lakes many measures have been 
taken including wastewater treatment and the reduced emission of pollutants 
(Kristensen and Hansen, 1994). However, elimination of external sources is often 
insufficient and additional measures may be required (Cook et al., 2005; Ugochukwu 
and Nukpezah, 2008). There are several approaches such as biomanipulation 
(Jeppesen et al., 1990; S0ndergaard et al., 2007, 2008), sediment dredging, the 
restoration of the original water quality by hydrological measures (Brouwer and 
Roelofs, 2001), inactivation of P by the addition of various compounds such as Fe, Al 
and Ca (e.g. Cooke et al., 1993; Rydin and Welch, 1998; Smolders et al., 2001; Smolders 
et al., 2006) and the combination of different methods (Mehner et al., 2008). 
Unfortunately, restoration measures are not always successful (Gulati et al., 2008).
In our experiment we have studied the opportunities for the ecological 
restoration of Lake Bartkow tug that is currently being intensively used as a fish pond, 
by means of different measures. The first option studied involves the isolation of the 
lake from the inlet of eutrophic river water and the restoration of groundwater 
discharge. For this, the possible sources of water were identified during one year of 
monitoring of river, surface-, ground- and pore water. In addition, local hydrology was 
investigated. In order to test the effects of water quality (alkalinity, sulphate) and of 
temporary desiccation on the nutrient biogeochemistry of the sediments, we used a 
full factorial aquarium approach. Next we investigated mitigation measures including 
temporary desiccation by water table draw-down and the addition of Fe in order to 
reduce P availability in the water layer. The results of the different restoration 
measures will be discussed with respect to the ecological rehabilitation of this lake and 
the use of this combined approach for ecological restoration.
M aterials and m ethods
Studied area
Lake Bartkow tug (24 ha, mean depth 1.34 m, volume 321,600 m3) is located in Eastern 
Poland (51°11'N; 21°56'E; Fig. 1) and surrounded by forest and a number of small 
swamps. The lake was created more than 80 years ago by the construction of dykes 
and flooding of meadows using river water (Chodelka River), allowing for a constant 
water level. The purpose was fish stock production (monoculture of common carp, 
Cyprinus carpio) which continues until present. Surface water is removed yearly in 
October for one week via the outlet of the lake, in order to collect the fish and, during 
that period, CaCO3 (1.5 t CaO per ha) is applied directly to sediment. Additionally, the 
pH of the surface water is adjusted by means of calcium carbonate (12.5 kg per ha) or 
ammonia solution (20%, amounts unknown) in order to keep optimal conditions for 
the carp. As a result of these measures, the lake is eutrophied and alkaline, and only 
dominated by Phragmites australis on the shores, without any aquatic vegetation.
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Figure 1. Location of Bartkow tug lake in Poland (top-left panel) and sampling points 
(1-4). Arrows indicate the inlet and the outlet of the water (source: 
www.geoportal.gov.pl, modified).
Field monitoring
The monitoring was initiated in spring 2006 and lasted one year. 5 piezometers 
(diameter 5 cm) were installed around the lake at depths varying between 1-3 m 
depending on the actual groundwater table (Fig. 1). One was installed close to the 
outlet and the other 4 on the western and eastern shores. The eastern location was 
characterized by the presence of small swamps outside the lake.
The quality of soil and surface water was monitored monthly, with exception of 
October, when the water table was drawn down in order to collect fish stock. During 
that time we sampled 3 times: one week before water removal, at the beginning of 
this process and one week after desiccation when the water started refilling the lake. 
Surface water was collected in 500 ml polyethylene bottles at location 1, 2, 4 and from 
the canal feeding the lake (referred to as 'river' (R) because the water originates from 
the Chodelka River, Fig. 1). Sediment pore water (locations 1-4) was sampled 
anaerobically at a depth of 10 cm using ceramic cups (Eijkelkamp Agrisearch 
Equipment, Giesbeek, The Netherlands) connected to 50 ml syringes for vacuum 
suction and placed in lake sediment (1, 2, 4). Before collecting groundwater we 
measured the pressure head in each piezometer. These data together with the water 
level in the lake were used to determine whether there was potential discharge or re­
charge. Next, we removed the whole stagnant volume of water and collected 
groundwater (in 250 ml polyethylene bottles) by peristaltic pumping after refilling of 
the piezometers. Collected samples were analyzed as described below.
Sediment collection and analysis
Sediment was collected in summer 2006 and transported anaerobically to the 
Netherlands where 2 experiments were conducted. Prior to the studies we determined
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moisture content, bulk density (after drying of known volume of fresh material at 
105°C until constant weight) and organic matter content (loss-on-ignition, 550°C for 4 
h). Total concentrations of Ca, Fe, Mg, and S were determined by means of ICP-OES 
(IRIS Intrepid II, Thermo Electron Corporation, Franklin, MA, USA) after microwave 
destruction (Milestone microwave MLS 1200 Mega system, Sorisole, Italy) of 200 mg 
portions of dry material in a mixture of 65% HNO3 and 30% H2O2 (4:1). Concentrations 
were expressed in micromoles per litre of bulk sediment. In addition, we estimated 
nutrient availability in fresh material (corrected afterwards for moisture content) by 
means of the following extraction: bioavailable P (Olsen P), NaCl-extractable 
ammonium and water extraction (Olsen et al., 1954; Banach et al., 2009).
Water table experiment
Each experimental unit consisted of a glass aquarium (26x13x32 cm) filled with a 7 cm 
layer of carefully mixed anaerobic sediment. A soil moisture sampler (Rhizon SMS-10 
cm, Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands) was placed 
horizontally in each aquarium at a depth of 2-3 cm and connected to black silicone 
tubes in order to collect sediment pore water samples.
We used 4 water treatments (Table 1) based on field data (Table 2), each in 
triplicate: groundwater with low sulphate (G-S), groundwater with elevated levels of 
sulphate (G+S), river water with low sulphate (R-S) and river water with high level of 
sulphate (R+S). Half of the sediments were desiccated for 1.5 month (coded with +D) 
after a flooding period, the other half were flooded for the whole experiment (code -  
D). In total, there were 24 units with randomly allocated treatments (n=3). The 
experiment consisted of 3 periods: 30 days of flooding for all units, water table draw­
down and desiccation for +D during 45 days followed by re-flooding for the rest of 
study (65 days). The aquaria were kept in dark (to avoid algal growth) in a climate 
controlled room at a temperature of 20°C and relative humidity of 50-60%.
Table 1. Chemical composition (^mol l 1) of the different treatments: low 
(Groundwater, G) or high alkalinity (river water, R) with high (+S) or low (-S) sulphate 
concentration.
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Salt G-S G+S R-S R+S
NaHCO3 350 350 3500 3500
Na2SO4 100 1000 100 1000
CaCl2 1500 1500 1500 1500
MgCl2-6H2O 150 150 150 150
k n o 3 50 50 50 50
NH4Cl 5 5 5 5
To measure potential decomposition rates, 50 ml of fresh sediment was 
transferred into 250 ml glass bottles. Non-desiccated treatments (-O) were kept 
anaerobic by flushing the headspace with nitrogen gas, the desiccated treatments 
(+O), were kept with ambient air. All bottles were sealed with airtight rubber stoppers 
and incubated shaking at 20°C in dark. During the incubation period, 1 ml gas samples 
from each unit were analysed after 0, 1, 2, 5 and 9 days for concentrations of CO2 and
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CH4 by means of an infrared gas analyzer (ABB Advance Optima IRGA, Zürich, 
Switzerland). Decomposition rates were calculated by a linear regression of C net 
production of the linear phase of the CO2 and CH4 production.
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Table. 2. Comparison of the quality of river water, groundwater, surface water and 
pore water for pooled field data from one year. Means marked with equal letters do 
not differ significantly (all concentrations in ^mol l 1, alkalinity in meq l 1).
river groundwater surface water pore water
Sign
N Mean SEM N Mean SEM N Mean SEM N Mean SEM
pH 14 7.73a 0.06 58 6.48b 0.15 41 7.92a 0,05 41 7.44= 0.05 ***
alkalinity 14 3.73a 0.06 58 2.06b 0.18 41 3.06c 0,09 41 3.76a 0.12 ***
SRP 14 2 91ac 0.67 57 1.17b 0.32 41 2.59c 0.55 41 5.213 0.78 ***
n h 4+ 14 12.76a 2.17 57 24.65a 3.81 41 18.493 3.16 41 25.62" 5.43 ns
NCV 14 98.603 26.13 57 17.85b 3.35 41 34.58b 5.44 41 84.95b 36.51 ***
c r 4 281.31ab 31.14 19 385.38a 32.33 7 264.Q8b 10.01 11 503.19ab 12.47 *
Ca 14 2047a 71 57 1502b 73 41 1718c 45 29 1860abc 92 ***
Mg 10 171a 7 38 231b 16 29 163a 4 29 300b 41 ***
Fe 14 5.73a 2.05 57 5.36a 1.02 41 2.78ab 0.5 29 1.58b 0.47 ***
S042' 10 249ab 10 38 557a 73 29 245ab 9 29 279b 42 *
Significance: * - p<0.05, **  - p<0.01, * * *  - p<0.001, n s -  not significant
Iron addition experiment
An identical experimental set-up as in the former section was used with 8 aquaria. Half 
of the sediments were enriched with FeCl3 solution (14.78 g per 150 ml equalling 100 g 
Fe m-2) and carefully mixed. These sediments were referred to as +Fe and the controls 
as -Fe (n=4 for both). All sediments were inundated with 5 l of the solution based on 
river water quality (Table 2). The medium was constantly refreshed by means of a 
flow-through system (peristaltic pumps Masterflex 7568-10, Cole-Parmer, Vernon Hills, 
IL, USA with black silicone tubes) generating a turn-over time of one week. Each unit 
received the solution from the separate stock covered with black foil in order to avoid 
algal growth in the medium. We sampled both sediment pore water and surface water 
after 1, 2, 4 and 6 weeks.
Water analyses
Sediment pore water was collected anaerobically using syringes (50 ml) for vacuum 
suction, after discarding the first 10 ml of stagnant water. Surface water samples were 
collected in 250 ml polyethylene bottles. The concentration of dissolved sulphide (H2S) 
in sediment pore water was estimated using a sulphide ion-selective Ag-electrode and 
double junction calomel reference electrode (Roelofs, 1991). We used a 10.5 ml of 
subsample fixed immediately after collection with 10.5 ml of a sulphide antioxidant 
buffer (SAOB, mixture of NaOH, Na-EDTA and ascorbic acid, Van Gemerden, 1984).
Sediment pore water pH was measured by means of a combined pH electrode 
(Orion Research, Beverly, CA, USA). Alkalinity was determined by titrating 10 ml of 
sample with 0.01 M HCl down to a pH of 4.2 (TIM800 pH-meter with the above 
mentioned pH electrode and a ABU901 Autoburette, Radiometer Copenhagen, 
Denmark). The turbidity (NTU, Nephelometric Turbidity Units) of the surface water was 
estimated using a WTW turbidity meter Turb550 (Weilheim, Germany). The remaining 
volume of water was filtered over a Whatman microfiber filter type GF/C (Whatman,
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Brentford, UK) and, after the addition of citric acid to a final concentration of 0.125 g l 1 
to prevent precipitation of metals, stored in 100 ml iodated polyethylene bottles at - 
28°C until further analysis.
The concentrations of soluble reactive phosphorus (SRP), nitrate (NO3 ), 
ammonium (NH4+) and chloride (Cl ) were determined colourimetrically using Auto 
Analyser 3 System (Bran+Luebbe, Norderstedt, Germany) using standard methods 
(Banach et al., 2009). The results were corrected for colour caused by humic 
substances (Shizmadzu UV-120-01 spectrophotometer, Kyoto, Japan, colour measured 
at 450 nm) for pore water samples. Total concentrations of Ca, Fe, Mg, P and S in 
water samples were determined by means of inductively coupled plasma optical 
emission spectrometry as mentioned above.
Data Analysis
All data gathered were processed with SPSS for Windows 15.0 (Chicago, IL, USA). Data 
that did not meet the requirements of the assumptions for parametric tests were 
ln(x+1) transformed. Differences between possible water sources in the field survey 
were tested by means of univariate ANOVA model on pooled data from all sampling 
points, using the Tukey HSD or Games-Howell procedure as post hoc tests (Banach et 
al., 2009). In addition we compared two different areas using a t-test or non- 
parametric Mann-Whitney test depending on the normality of collected field data.
In order to assess the effects of both desiccation and water quality on 
biogeochemical variables over time we used a repeated measures ANOVA mixed 
design (GLM5) with time as within-subject factor and desiccation and water quality as 
between-subject factors. If necessary, appropriate corrections to meet sphericity were 
used. We used the same post hoc procedures as described above. In addition, we used 
the same model to assess the role of water quality for flooded and desiccated 
treatments separately, as well as for the effects of iron addition. Significance was 
accepted at p<0.05. For better clarity we presented our data as non-transformed 
means with their standard errors (SEM).
Results
Field monitoring
The surface water table and hydraulic head of the groundwater fluctuated slightly over 
the year, except for the period between September and November. The hydraulic head 
of the groundwater in the western part (W) was about 80 cm lower than for the 
eastern (E) (Fig. 2). During the period when the water from the lake was removed, this 
difference was even more than 1 m. The hydraulic head was always lower than the 
surface water table in the lake indicating recharge, except during spring and summer 
2006 where we noticed levels up to 4 cm higher than the lake surface in 2 piezometers 
installed in E. Before the water table draw-down in October, the groundwater table 
already decreased and during desiccation it strongly dropped reaching depth of 2-3.5 
m below the reference level of the normal water table in the lake. After refilling of the 
lake with canal water, levels of groundwater stayed well below the surface water table 
in all piezometers (Fig. 2). Examined water sources showed differences with regard to 
pH, alkalinity, and levels of nutrients and metals (Table 2, Fig. 3-4).
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Figure 2. Changes of the lake surface water level and the hydraulic heads in 
piezometers during the year for the north- and south-western (W) and eastern (E) side 
of the lake, relative to the regulated lake winter surface level (0 cm) (lower panel). In 
addition, the means of monthly precipitation are shown (upper panel).
The alkalinity and Ca concentrations of the surface water in the lake were high 
(around 3 meq l-1 and 1.7 mmol l-1, respectively), but significantly lower than those of 
the canal water (Table 2). Pore water values in the lake sediments were, on average, 
higher than those of its surface water. Groundwater showed values equal to the 
surface water in W, but much lower values in E (<1 meq l-1 and 1.2 mmol l-1, 
respectively). The concentrations of SRP in surface water were very high (2.6 ^mol l-1 
at average, with peaks as high as 8-16 ^mol l-1, Fig. 3), equal to canal water values (up 
to 10 ^mol l-1) and much higher than those for groundwater (about 1 ^mol l-1). We 
measured much higher concentrations of SRP in sediment pore water (up to 17 ^mol l- 
1) than in the surface water (Table 2). Sediment pore water contained extremely high 
concentrations of NO3- (up to 1436 ^mol l-1) and high values of NH4+ (226 ^mol l-1), 
much higher than surface water concentrations. Canal water (R) also showed high 
levels of NO3- (up to 411 ^mol l-1). We found very high concentrations of SO42- in 
groundwater, almost twice as high as in surface water (Table 2). During the first part of 
2006 the concentrations of SO42- were below 1 mmol l-1 in groundwater, but after 
desiccation in October we recorded an increase above 1-1.5 mmol l-1 (Fig. 3). The 
concentrations of Fe were very low for all water types. Surface water had significantly 
lower concentrations of Cl- (up to 330 ^mol l-1) in comparison to groundwater (up to 
730 ^mol l-1), similar to the river water (up to 360 ^mol l-1). The higher values (up to 
1700 ^mol l-1) in pore water did not significantly differ from the other water types 
(Table 2). There was more Cl- in pore water and groundwater from E than from W (Fig.
3).
Sediments from the lake were characterized by a low content of organic matter 
(6.5%) and neutral pH, with relatively low levels of main elements and nutrients with 
exception of Ca (>1 mol l-1 of bulk sediment) which was to be expected as a result of 
liming activities. Although total P values were not extremely high, Fe:P ratios were as 
low as 4 and (Fe-S)/P was negative, showing a low capacity for P-binding in the 
sediment, which was also indicated by the low pore water Fe:PO43- ratio of 1 (Table 3).
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Figure 3. Changes in concentrations of SO4 ", SRP and Cl" over time in western (north- 
and southwest, W) and eastern (E) sampling points in ground- and surface water. The 
arrow indicates the week when the water table was drawn down.
surface water
Figure 4. Differences between mean values of the characteristics of different water 
sources (see caption of figure 3 for description). Means indicated by the same letter 
are not significantly different.
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Table 3. Characteristics of the collected sediments (total concentrations in mmol l 1 of 
bulk sediment; extracts in ^mol l 1 of bulk sediment; ratios in mol m ol1).
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Characteristic Mean SEM
water content [%] 50.62 2 . 0 0
organic matter [%] 6.53 0.33
pH (NaCl) 7.60 0.03
bulk density [g ml"1] 0.48 0.03
total Ca 1129 119
total Mg 12.38 1.23
total Fe 10.18 1.03
total P 2.59 0.26
totalS 17.48 1.61
NH4 (NaCl-extract) 69.58 17.99
NO3 (water-extract) 71.25 8.17
Olsen P 114.00 1 1 . 0 2
pore water Fe:PO4 1.06 0.29
total Fe:P 3.95 0.14
total(Fe-S)/P -2.87 0.14
total S/(Ca+Mg) 0.0157 0.0003
Experiment 1: effects of water quality and water table 
Pore water quality without desiccation
Sediment pore water was characterized by slightly alkaline conditions and high pH 
(7.5-8), (Table 4). The alkalinity showed more variation than pH both in time and 
between treatments (Fig. 5, Table 4). We noted the lowest values of 2.7-4.3 meq l-1 for 
the groundwater (G) treatment. SO42- addition induced higher pore water alkalinity in 
both G and river (R) water treatment. Levels of SO42- strongly depended on the 
treatment (Fig. 5); the more SO42- was added (+S), the more SO42- was recorded in 
sediment pore water, but the response was independent of the level of alkalinization 
(Table 4). The values ranged from below 100 ^mol l-1 (G-S), through 100-250 ^mol l-1 
(R-S), and 250-900 ^mol l-1 for +S treatments. In addition, we observed a significant 
increase in the concentration of SO42- during the first 2 months (Table 4) followed by its 
stabilization at levels lower than the added concentration for +S. Simultaneously, we 
measured increasing levels of H2S in sediment pore water as related to S-treatments 
(Table 4). The first peak occurred after 2 weeks (3-9 ^mol l-1) followed by a maximum 
of 14-33 ^mol l-1 after 140 days of the study (Fig. 5).
Concentrations of SRP fluctuated over time (Fig. 5) showing a maximum of 28 
^mol l-1 after 60 days after the onset of the experiment. After 140 days, however, we 
found significantly higher (p<0.05) levels of SRP in R-treatments as compared to G. We 
did, however, not find an overall significant role of water quality on P mobilization to 
sediment pore water for the whole experiment (Table 4). Sulphate addition did not 
lead to higher phosphate mobilization rates. Iron concentrations were low and 
gradually decreased over time from 2-4.7 to 1-1.7 ^mol l-1 with significant differences 
caused by water composition (Table 4). After 40 days the concentrations of Fe 
remained constant and lower, but not significantly, in +S waters.
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Concentrations of NH4+ decreased from 122-315 to about 20 ^mol l 1 during the 
experiment, while NO3- showed a slight increase in time (Table 4) from below 5 to 
about 15 ^mol l-1. There were no effects of water composition. Levels of Ca in 
sediment pore water oscillated between 2000-3700 ^mol l-1 depending on time and 
water quality (Table 4) with a decreasing tendency. We measured significantly higher 
values in G than in R after 40 days of inundation (Fig. 5). Chloride showed an increasing 
tendency for all treatments (Table 4) during first 60 days of the study, changing from 
about 1 to 5.7 mmol l-1 followed by the lowering to about 3-4 mmol l-1 and the 
stabilization of these values until end of the experiment.
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continuous high water (left panels) and with temporary desiccation (right panels). The 
period of desiccation is indicated by the squares.
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Table 4. Effects of time (T), desiccation (D), water quality (W) and their interactions for 
sediment pore water characteristics (F-ratios with their significance).
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T TxW TxD TxWxD W D WxD
PH 20.18*** 1.35ns 0.43ns 1.13ns 0.93ns 0.98ns 1 .0 1 ns
alkalinity 51.40*** 1.78ns 4.65** 1 .2 1 ns 6 .6 8 ** 5.62* 1.18ns
oCO 55.89*** 2.83* 22.06*** 1.92ns 23 9 9 *** 33.75*** 1.42ns
h2s 46.48*** 1.45ns 0.71ns 1.44ns 7.52* 0 . 1 2 ns 2.54ns
SRP 2 0 .1 0 *** 0.85ns 3.55** 1.04ns 0.31ns 19 8 7 *** 1.99ns
Fe 28.84*** 0 .6 6 ns 1.28ns 0.84ns 0.50ns 0.38ns 0.63ns
NO3' 9  7 1 *** 0.93ns 2 .8 6 ** 1.34ns 0.93ns 8.04* 0.51ns
NH4+ 112.47*** 1.19ns 1.63ns 1.18ns 0 . 1 2 ns 9  2 9 ** 2.63ns
Cl- 45.02*** 0.71ns 0 .8 8 ns 1.24ns 1.09ns 0.32ns 2.05ns
Ca 19 89*** 2.06ns 10.77*** 1.37ns 8.60** 10.84** 1.04ns
Mg 17 27*** 1.35ns 10.38*** 1.45ns 3.74* 9.39** 0.78ns
* - p<0.05, ** - p<0.01, * * *  - p<0.001, ns -  not significant
Desiccation effects on pore water quality
During and after water table draw-down and desiccation, the alkalinity was 
significantly lowered by more than one unit (to 2.2-3.3 meq l-1) in all treatments (Fig. 5, 
Table 4), without an effect on pH. Concentrations of SO42- strongly increased during 
this period (Table 4) reaching levels of 2000-5500 ^mol l-1 (higher in +S). We measured 
almost no H2S during the dry period and lower H2S accumulation after re-flooding 
(Table 4). SRP levels were much lower after desiccation than those in the non­
desiccated treatments (up to 15 ^mol l-1), and stayed much lower after the desiccation 
period (Fig. 5). Unlike the permanently wet treatments, there was no significant effect 
of water composition on P availability in sediment pore water (Table 4).
Ca - w ith o u t desiccation  [pm ol l 1]
-È C -  G+S 
G-S
Ca - w ith  desiccation  [pm ol l-1]
—A— G+S 
G-S
M g  - w it h o u t  d e s ic c a t io n  [^ m o l l-1] M g  - w it h  d e s ic c a t io n  [^ m o l l-1]
- - A - -  G+S
G-S
- A - -  G+S
G-S
—A —  R+S
R-S
-S
R-S
Figure 5. Continued.
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Levels of Fe were low and showed the same pattern as in permanently wet units (Table
4). Desiccation led to NO3" production which reached a maximum of 80 ^mol l 1 (Table
4) whilst NH4+ showed a decreasing tendency in a similar way as in flooded units from 
up to 300 to almost 0 ^mol l 1 (Table 4), without water treatment effects.
Both Ca and Mg showed higher peaks during desiccation. The concentrations of 
Ca were 2-3 times higher during this period with a maximum of 5700-7300 ^mol l 1 in 
G+S followed by G-S and significantly lower (3600-4800 ^mol l-1) in R+S and R-S 
treatments (Table 4). These differences remained until the end of study. For Mg we 
detected a similar peak during low water table (Fig. 5). Levels of Cl" showed the same 
pattern as in permanently wet units (Table 4).
Chemistry of the water column
The alkalinity of R showed oscillations between 3.2-4.8 meq l 1 whilst in G alkalinity 
ranged between 1.6 and 3.5 meq l 1 (Fig. 6). Re-flooding caused a fast, linear increase 
of alkalinity to levels comparable to those before desiccation. The alkalinity was high 
enough to prevent a drop in pH.
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Figure 6. Changes of selected parameters of the surface water during 140 days of 
continuous high water table (left panels) and with temporary desiccation (right 
panels).
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The concentrations of SO42" in surface water were highest in +S treatments with 
values around the added value of 1 mmol l 1 and around 0.1 mmol l 1 for low S 
treatments. Re-flooding caused a significant increase of SO42" in all treatments (Fig. 6) 
to levels similar to those in high water table treatments, with the exception of G+S 
which a reached level twice the added level.
SRP concentrations of the surface water greatly increased (Table 5) after 140 days 
of inundation from values lower than 0.5 to 2-5 ^mol l-1 (Fig. 6). Desiccation did, 
however, not have a significant effect on SPR concentrations unlike in pore water 
(Table 5) due to high variation within treatments. Water composition did not show a 
significant effect of SRP mobilization to the water layer. Fe levels remained very low (1 
^mol l-1) during the whole experiment (Table 5).
Concentrations of NO3- varied between 7 and 137 ^mol l-1 showing some 
fluctuations over time. They were higher in -S  in comparison to +S (Table 5). Re­
flooding after desiccation led to an increase of NO3- but at the end of the experiment it 
dropped to the initial values of 50 ^mol l-1 in all treatments. Levels of NH4+ dropped 
during first month of flooding, showing similar patterns as in sediment pore water. We 
measured significantly higher concentrations in G than R treatments (Table 5). The 
concentrations of Cl- ranged between 2-3.5 mmol l-1 for 80 days. Only after 100 days 
we recorded a peak up to 6 mmol l-1 followed by a return to previous values.
Table 5. Effects of time (T), desiccation (D), water quality (W) and their interactions for 
surface water characteristics (F-ratios with their significance).
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T TxW TxD TxWxD W D WxD
pH 51.95*** 3.09** 5.54*** 1 .8 8 * 42.36*** 2.72ns 3.03ns
alkalinity 77.70*** 3.99** 15.42*** 0.75ns 269.97*** 57.81*** 4.25*
oC
O 18.75*** 1.89** 1.56ns 0.67ns 213.62*** 4.03ns 0.52ns
SRP 29.35*** 1.37ns 1 . 1 0 ns 0.80ns 0.99ns 1 .2 1 ns 0 . 1 2 ns
Fe 2.75* 1.38ns 1.03ns 0.73ns 0.32ns 1.17ns 0.85ns
n o 3- 5.60*** 1 .6 8 ns 4.93** 0.84ns 6.07** 0.71ns 3.60*
NH4+ 55.98*** 3  4 9 *** 1.14ns 0.56ns 7.15** 3.75ns 0.79ns
Cl- 14.36*** 1.34ns 0.35ns 0.85ns 3.43* 0.05ns 0.89ns
* - p<0.05, ** - p<0.01, * * *  - p<0.001, ns -  not significant
Decomposition of the sediment
At the end of the experiment we measured significantly higher decomposition rates 
under anaerobic conditions (p<0.05) ranging between 1.5-4.5 ^mol C g 1 DW d ay1 (-O) 
whilst incubation under aerobic conditions unexpectedly led to lower rates of 0.2-0.5 
^mol C g-1 DW day-1 (+O). There were no significant effects of water quality on 
decomposition rates, although we noticed that in S-rich anaerobic treatments 
decomposition rates tended to be higher but showed large variation (Fig. 7).
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Figure 7. Carbon production rates of sediments for each treatment during incubation 
(9 days) tested under anaerobic (-O) and aerobic (+O) conditions (n=3).
Experiment 2: effects of iron addition 
Chemistry of the sediment pore water
Iron addition led to higher concentrations of this element in pore water (Fig. 8) during 
the first weeks with a maximum of 30 ^mol l-1 followed by a decrease to 0 at the end 
of study. The treatment without Fe-addition was characterized by very low 
concentrations of Fe (<0.5 ^mol l-1). The concentrations of SO42- differed significantly 
between treatments already during the first week: -Fe sediments had levels of around
6 mmol l-1 whilst +Fe showed levels of 2.5 mmol l-1 (Fig. 8, Table 6). The latter remained 
at the same level during the experiment while we observed a gradual lowering for the 
-Fe treatment to levels comparable to +Fe. H2S concentrations stayed low (0.2-0.3 
^mol l-1) in both treatments.
Table 6. Effects of time (T), Fe addition (TR) and their interaction for sediment pore 
water and surface water characteristics (F-ratios with their significance).
T T X  TR TR T T X  TR TR
pore water surface water
pH 38.85*** 15.09*** 241.67*** pH 1.66ns 21.18*** 92 .45***
alkalinity 49 .00*** 11.76*** 21.85** alkalinity 14.23** 3.62ns 37.55**
SRP 74.51*** 53.97*** 225.16*** turbidity 59.04*** 18.96** 62.82***
Fe .80* 1.59ns 1.08ns SRP 62.61*** 37.24*** 166.56***
NO/ 35.52*** 4.29*** 20.46** Fe 12.51** 9.90* 6.93*
n h 4 16.06*** 3.07ns 6.18* 12.80*** 1.81ns 5.19ns
h2s 31.09*** 0.55ns 2.54ns NH„ 26.28** 0.56ns 6.33*
SO ,2- 113.99*** 26.75*** 5.98* S042- 78 .63*** 12.18*** 25.70**
Ca 159.93*** 102.49*** 354.29*** Ca 22.88*** 15.29*** 75 .54***
* -p<0.05, **  -p<0.01, * * *  -p<0.001, n s - n o t  significant
The addition of iron chloride led to a pH drop to about 6 due to hydrolysis whilst 
the value for -Fe (control) stayed above 7.5. However, the pH of +Fe went again up to
7 within 6 weeks (Table 6). Sediments enriched with Fe showed significantly higher 
alkalinities with a maximum of 6.5 meq l 1 for +Fe already after 2 weeks of inundation. 
This level remained for 2 more weeks after which it dropped below 6 meq l 1. The 
control showed a gradual increase of alkalinity during 4 weeks from 3.5 to 5 meq l 1 
followed by its stabilization (Fig. 8, Table 6). We measured high concentrations of Ca 
after Fe addition (40 mmol l 1) (Fig. 8, Table 6).
The SRP concentrations in sediment pore water changed significantly due to iron 
treatment (Table 6); -Fe showed a fast increase of SRP levels from about 2 to more 
than 10 ^mol l 1 during 6 weeks of the study. Addition of Fe led to much lower
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concentrations of SRP already during the first days of flooding (<1 ^mol l 1) and they 
stayed at the same low level during the experiment (Fig. 8). The Fe:PO43" ratio of the 
+Fe was 15, in contrast to the low level of 0.5 for -Fe (p<0.01).
Figure 8. Effect of iron addition on selected parameters of sediment pore water (left 
panels) and surface water (right panel).
Fe-treated sediments contained higher levels of NO3" (40-80 ^mol l 1) than the control 
(20-30 ^mol l-1) (Table 6) in both treatments (Fig. 8) already during the first week of 
the study. NH4+ showed a peak of 25 (-Fe) after 4 weeks and 50 (+Fe) ^mol l-1 after 2 
weeks followed by a gradual decrease.
Changes in water layer chemistry
The concentrations of Fe in water layer were very low (<1 ^mol l-1) for both the control 
and the Fe-treatment. Surface water initially showed significantly lower pH (6.9) in +Fe
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than control (8.2) followed by equal levels after 6 weeks (Table 6). Alkalinity in +Fe was 
lower (3 to <2.5 meq l 1) than control values (3.5-3.7 meq l 1) (Table 6, Fig. 8). There 
was an increase in SRP concentrations in the surface water in the control, from 0.5 to 
about 2 ^mol l-1. Fe addition, however, resulted in much lower levels of SRP, below 0.1 
^mol l-1, during the whole experimental period (Fig. 8, Table 6). In addition, Fe- 
enrichment significantly (Table 6) lowered the turbidity of the water over time below 1 
NTU in comparison to the control.
NO3- and NH4+ concentrations in surface water did not show significant 
differences between treatments (Fig. 8, Table 6). We observed a significant increase of 
concentrations of SO42- for both treatments from 200-300 to 400-600 ^mol l-1 (Fig.8, 
Table 6). The +Fe treatments had significantly lower levels in comparison to -Fe during 
the whole of study. Concentrations of Ca were higher for +Fe (4 mmol l-1) than for -Fe 
(1 mmol l-1) (Fig. 8, Table 6).
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Figure 8. Continued. 
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Discussion
In this paper we presented a combination of an ecohydrological and experimental 
approach to define the best measures for the ecological restoration of Bartkow tug 
Lake.
Local hydrology and water quality
One year of field monitoring provided information about the present water quality and 
hydrology of the research object. During most of the year the constant inflow of canal 
(river) water led to very low fluctuations of the surface water table. The groundwater 
table showed the same, but was lower in the western part of the lake indicating 
possible higher recharge. During late spring and summer we noticed groundwater 
levels slightly higher than the surface water level at the eastern location, suggesting 
that there could be some discharge of groundwater, which is also indicated by 
chemical analyses. However, during water draw-down in October the groundwater 
tables dropped in all piezometers for the whole dry period, and there was no discharge 
of groundwater whatsoever. This suggests that if the lake would be isolated from the 
river, the groundwater tables would still be too low to fill the lake. In addition, 
precipitation is quite low in this area. This means that the inflow of surface water is 
needed, next to some potential discharge of groundwater in the eastern part.
The quality of the surface water was, as expected, strongly related to the river 
water which was alkaline and rich in nutrients (both N and P) leading to 
eutrophication, algal dominance and concomitant absence of aquatic vegetation. In 
addition, cultivation of benthivorous fish contributed to a higher trophic status and 
turbidity, due to fish activity and the application of alkaline substances (calcium 
carbonate and ammonia solution). The application of ammonia added to the nitrogen 
input of the lake. Groundwater was, in contrast, less alkaline and contained less 
nutrients, but had higher concentrations of SO42- in comparison to the surface water 
which increased overtim e. These high SO42- levels probably originate from throughfall 
deposition in the forest combined to sulphate generation in the subsoil by desiccation 
and increased nitrate fluxes, both leading to the oxidation of FeSx (Smolders et al.,
2010). Increased SO42- fluxes may lead to additional internal P mobilization via the 
interaction between reduced S and Fe~P minerals, which has been shown for many 
wetlands (e.g. Lamers et al., 1998a; Smolders et al., 2006a; Zak et al. 2006; Banach et 
al., 2009). In addition, we measured very low concentrations of Fe in groundwater and 
pore water (like in surface water), which would strengthen the negative effects 
because of insufficient availability of reduced Fe for binding of S and P (Caraco et al., 
1989; Lamers et al., 1998a; Smolders et al., 2006a). Due to the low Fe concentrations 
and already relatively high S concentrations in the sediment, there is a chance that 
SO42- enrichment does not result in additional P mobilization, because most Fe is 
bound to S. Water table draw-down during one week in October did not reduce 
nutrient availability, and there was an even further increased concentration of SO42- in 
groundwater as a result of FeSx oxidation in the sediment and SO42- flux to the 
groundwater. The possible effects of sulphate and alkalinity, and of longer desiccation 
were therefore tested experimentally.
Bartkow tug Lake as a model for ecological management strategies
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The role of water quality: which water source?
Anaerobic conditions in the experiment led to the accumulation of reduced 
compounds such as NH4+, Mn(II), Fe(II), H2S and CH4 due to reduction of subsequent 
electron acceptors by different microorganisms, generating alkalinity (Laanbroek, 
1990). The use of less alkaline groundwater led to lower alkalinization of the sediment 
pore water, whereas the addition SO42" addition led to higher levels of alkalinity as a 
result of SO42" reduction (Lamers et al., 1998a; Smolders et al., 2006a). In addition, 
lower levels of Fe in this treatment could be explained by the formation of FeSx which 
was confirmed by low concentrations of H2S even though SO42" was consumed.
We recorded high SRP mobilization rates around 8.6 ^mol m 2 d 1 (100 mmol m 2 
y 1; based on the concentration increase; cf. Geurts et al., 2010) and found significantly 
higher concentrations of SRP in river water (R) treatments. The observed mobilization 
of P was most probably related to the low availability of Fe for P binding, as explained 
above. This high potential for P-mobilization was indeed confirmed by the negative 
sediment (Fe minus S) to P ratio, a sediment Fe:P ratio below 10 and a pore water 
Fe:PO4 ratio below 3.5 (Geurts et al., 2008). The S-treatments did, however, not cause 
higher mobilization of P, probably because there was only a low fraction of Fe-bound P 
(as shown by the Fe:P ratio) and because of the relatively high amount of FeSx (as 
shown by the negative value for Fe minus S). This means that increased fluxes of 
alkalinity from the river water, rather than increased SO42- from the groundwater, 
increase the internal mobilization of P. We must, however, bear in mind that higher S 
reduction rates also contribute to higher alkalinity.
Sediments also contained a high amount of Ca, which probably plays a role in P 
and sulphate immobilization (gypsum formation) in the sediment, especially as Fe 
concentrations were low. This could additionally explain the fact that we did not 
observe higher concentrations of SRP in the S treatments.
Temporal desiccation of the lake as an additional restoration measure?
When sediments are exposed to desiccation, all reduced compounds were oxidized 
which has been shown to be beneficial in reducing nutrient availability (Smolders et al., 
2006b). First of all, Fe oxidation may decrease P availability as the affinity of PO43- 
binding to Fe(III) is stronger than to Fe(II) (Smolders et al., 2006b; Loeb et al., 2008). 
Next, oxidation of H2S and NH4+ will reduce toxic effects of these compounds, and 
coupled nitrification/denitrification may result in nitrogen losses from the sediment 
(D'Angelo and Reddy, 1993; Smolders et al., 2006a,b). In the field, 1 week of 
desiccation was shown to be too short for these processes, probably because the 
sediment was still too wet and oxygen intrusion was low. In our experimental study 
with a longer period of desiccation, we did however see the above-mentioned 
processes. We measured increased concentrations of NO3- and SO42-, and a depletion 
of NH4+ and H2S. SRP concentrations in the pore water were lowered after desiccation, 
while permanently wet units showed an increase of SRP in time. SRP concentrations in 
the water layer, our target, were unfortunately not lowered even by more than one 
month of desiccation. This is caused by the low availability of Fe in the top layer of the 
sediment, insufficient to prevent P mobilization to the surface water layer above.
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Desiccation led to a significant drop of the alkalinity which was related to 
generation of protons by oxidation of reduced compounds, including sulphate 
generation. However, the sediment did not become acidic due to the high acid 
neutralizing apacity (ANC) of the sediments and the water layer. Previously generated 
alkalinity was consumed, followed by dissolution of Ca and Mg minerals and exchange 
of Ca and Mg from cation binding sites in the sediment (Smolders et al., 2006b). This 
was confirmed by peaks of Ca and Mg (data not shown) which disappeared after re­
flooding. The low potential for strong pH changes could also be predicted by the S to 
(Ca+Mg) ratio being below 0.7, the threshold value for severe acidification as 
estimated by Luccassen et al. (2002). Oxidation caused very high SO42- production rates 
which were related to the S-input. The fact that after re-flooding the concentration of 
SO42- still remained higher than the added levels theoretically poses an additional 
threat of P mobilization, as explained earlier. Unexpectedly, aerobic conditions did not 
lead to higher decomposition rates. In contrast, anaerobic conditions with higher 
alkalinity led to stronger decomposition which indicates the importance of alternative 
electron acceptors.
In-lake Fe addition as a restoration measure?
The addition of Fe (100 g m-2) as an additional restoration measure was shown to have 
a direct beneficial effect on the P availability in both sediment pore water and water 
layer. Fe efficiently immobilized P in the sediments as we measured concentrations 
below 1 ^mol l-1 in pore water and values below 0.1 ^mol l-1 in the surface water, low 
enough to ensure the prevention of algal blooms (Lamers et al., 2002) whilst without 
Fe addition there was almost linear increase of SRP in waters. The addition of Fe only 
shortly led to slightly lower pH values in the surface water due to hydrolysis and 
exchange of protons in the sediment, but also generated alkalinity after reduction. In 
addition, the release of Ca from the sediment by Fe-Ca exchange may also have 
contributed to P-stripping from the surface water.
Synthesis and conclusion
The combination of field measurements and experiments in the laboratory allowed us 
to determine the best options for the ecological restoration of the shallow fish pond 
Bartkow tug. In this way, we provide solid biogeochemical feasibility tests, and 
ecological restoration will not be based on trial and error in the field, which often 
proves to be costly and ineffective.
The adverse water quality of the lake is caused by the inlet of alkaline, nutrient- 
rich river water and the cultivation of high stocks of benthivorous fish. The first 
measure will be the removal of this unfavourable fish population, but this will not be 
sufficient due to the high nutrient fluxes. The groundwater is less alkaline and less 
nutrient-rich, but is very low in Fe and contains high concentrations of SO42-. The local 
hydrology, however, showed that the groundwater fluxes are too low to fill the lake 
without the contribution of river water. This means that additional measures are 
needed to counteract the adverse effects of inlet, as long as river water quality is 
unfavourable. Yearly short-term desiccation, known to be able to keep P levels low, 
will not improve the situation as Fe concentrations in the sediment are too low, and 
concentrations of SRP, alkalinity and SO42- will still be high. This means that in this state
Bartkow tug Lake as a model for ecological management strategies
95
it will not be possible to develop a clear-water state and target underwater vegetation. 
The addition of Fe to the sediment will restore the P-binding capacity of the sediment 
and will strongly improve water quality. Moreover, temporal desiccation will then lead 
to additional P-sequestration like in lakes with sediments richer in Fe, and fluctuating 
water levels will also reduce the influx of river water. The long-term success of 
restoration measures will, however, depend on the actual external and internal fluxes 
of P.
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Floodplains are threatened
In the past, European lowland rivers and their adjacent areas including lakes used to be 
biodiverse systems, showing a gradient from highly dynamic to less dynamic habitats. 
Water tables fluctuated due to snow melting in spring and heavy precipitation events. 
The rivers had extended floodplains and they could easily spread over vast areas. In 
this way this system was very heterogeneous with respect to hydrology, sediment type 
and fertility level, and inhabited by numerous species (Tockner and Stanford, 2002). 
When people started to live close to the river they tried to conform it to their needs 
including transport, agriculture, fish production and flood protection. During the 
Industrial Age, the changes became faster and more intense. Rivers were treated as 
open sewers and became strongly polluted, as were floodplain lakes connected to the 
rivers (Van den Brink et al., 1996; Nienhuis et al., 2002; Tockner and Stanford, 2002).
In addition, there has been an increasing tendency for flood events in recent 
decades, and in Eastern Europe there has also been a shift in the period of inundation. 
In this region there are more events in summer than in winter (Chapter 2 and 3). The 
cause of this change is probably related to global climate change and models predict 
that this situation will be reinforced in the future (Christensen and Christensen, 2003; 
Kundzewicz et al., 2005; Beniston et al., 2007). As the present flood protection systems 
appear to be insufficient, new strategies have been proposed. These aim to restore 
natural hydrology by controlled removal of dikes and by the opening of dams in order 
to allow more space for the river to cope with floodwater. In addition, water storage 
basins are being created, which is also important because there will be a growing 
shortage of drinking water. These measures simultaneously try to restore natural 
floodplain vegetation (Lamers et al., 2006).
However, it appears to be very difficult to combine all aims, especially nature 
restoration, due to the strong changes the riverine systems have undergone in the 
past. Agricultural development led to increased levels of nutrients in floodplain soils 
and industry, agriculture and households caused strong pollution of air, water and soil. 
As a result, restoration measures often seem to fail due to changed biogeochemical 
conditions including eutrophication and alkalinization, which make it very difficult or 
even impossible to restore natural floodplain vegetation with high biodiversity without 
additional measures (Antheunisse et al., 2006; Lamers et al., 2006). For this reason it is 
important to study the present biogeochemical state of these systems and its 
consequences for possible restoration measures. This information is vital to be able to 
choose the proper management strategies for the selected areas.
Biogeochemical constraints
In this thesis I have experimentally studied the combined effects of water quality and 
land use, as well as the duration and period of inundation (winter versus growing 
season), on soil/sediment biogeochemistry and vegetation development in floodplains.
I investigated which key processes will occur under the chosen environmentally 
relevant conditions and then estimated the consequences of different water 
management measures. The main biogeochemical drivers for vegetation development 
in riparian wetlands are alternating redox processes, related to water table and 
chemical characteristics of the soil and water, and nutrient availability. My thesis not
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only generates fundamental knowledge about floodplain biogeochemistry and 
vegetation, but also provides feasibility studies supporting decision making for river 
management in disturbed areas.
Redox processes in floodplain soils
The soil environment of riparian areas such as floodplains is characterized by the 
alternation of reduction and oxidation processes involving the exchange of electrons. 
Oxygen is an important element involved in these processes; if the soil contains many 
pores it can easily diffuse into the soil providing aerobic conditions. During non­
flooded conditions the soil is generally well aerated and oxygen is the main terminal 
electron acceptor used for the microbial decomposition of soil organic matter:
O2 + 4H+ + 4 e ^ 2 H 2O
Under such conditions PO43- is immobilized by binding to Fe, next to sequestration by 
Ca, Fe and Al (hydr)oxides, and CaCO3. Other compounds are also present in oxidized 
form (e.g. NO3-, MnO2). The first drastic change occurs when soils become flooded, 
especially when the density of soil pores becomes insufficient (low porosity). Oxygen is 
depleted very fast and as its diffusion in water is very limited, oxygen is rapidly 
consumed and microbial communities switch their metabolism, or other groups will 
take over starting anaerobic decomposition of organic matter. This leads to increased 
availability of PO43- and the accumulation of reduced, potentially phytotoxic 
compounds (e.g. NH4+, Fe2+ and H2S), due to reduction of subsequent alternative 
electron acceptors (Glinski and St^pniewski, 1985; Laanbroek 1990; Smolders et al., 
2006):
NO3- + 2H+ + 2e^NO 2-+H2O 
2NO3- + 12H+ + 12e ^  N2 + 6H2O 
NO3- + 10H+ + 8 e ^  NH4+ + 3H2O 
MnO2 + 4H+ + 2 e ^  Mn2+ + 2H2O 
Fe(OH)3 + 3H+ + e ^ Fe2+ + 3H2O 
SO42- + 10H+ + 8 e ^  H2S + 4H2O 
CO2 + 8H+ + 8e^ C H 4 + 2H2O
This is especially important during the growing season as higher temperatures induce 
higher microbial activity. As a result of the reduction of these electron acceptors the 
soil becomes more reduced. This state can be estimated by means of measuring the 
redox potential (Eh). The soil is considered well aerated when the Eh is above 400 mV 
whilst the range below 330 mV indicates anaerobic conditions (Stumm & Morgan, 
1996; De Mars and Wassen, 1999). In addition, soil pH affects Eh in such way that an 
increase of the pH by 1 unit causes Eh to increase by 59 mV.
In Chapter 2, we showed that redox processes were the main cause of observed 
higher levels of P as this nutrient is mobilized due to Fe reduction (Eh<150 mV). 
Moreover, the presence of NO3-, being a more favourable electron acceptor than Fe, 
may result in a delay in the release of PO43- to the pore water. Tested meadows had 
different concentrations of NO3- and the delay indeed differed depending on the NO3- 
pool, showing stronger redox resistance (redox buffering capacity). We observed
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similar soil redox buffering in the field situation in regularly flooded soils near the river 
Vistula (Fig. 1, see below).
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Fig. 1. Middle Vistula River floodplain during late spring (photo credit: Artur Banach). 
Desiccation and acid production
When water levels drop after flooding, the penetration of oxygen into the soil causes 
an increase of its aeration state, indicated by the gradual increase of the Eh values to 
pre-flooding values. Values above 350-400 mV indicate well aerated soil (Glinski and 
St^pniewski, 1985), and under these conditions all reduced compounds are re­
oxidized. Initially, levels of these compounds can still be high as the soil is still water 
saturated, as we showed in Chapter 2. H2S and NH4+ were rapidly oxidized but we 
initially recorded high levels of ammonium, especially for the hayland soils where 
values were similar to those reported by Loeb et al. (2007) for an alder carr. This is 
most probably caused by proton production due to the oxidation of iron and iron 
sulphides, which leads to mobilization of ammonium from cation exchange sites in the 
soil. Although these concentrations were very high they probably did not become 
phytotoxic because the pH was high enough (De Graaf et al., 1998; Lucassen et al., 
2003; Van den Berg et al., 2005). There indeed was consumption of alkalinity indicating 
acidification (Lucassen et al., 2002; Smolders et al., 2006). We did, however, not 
observe negative effects of acidification because the acid neutralising capacity (ANC) 
was sufficient to prevent a drop in pH (Chapter 3 and 5). This could also be predicted 
by total S/(Ca + Mg) ratios, which were lower than 0.7 (Lucassen et al., 2002). The pH 
buffering also prevented the mobilization of potentially toxic metals. Re-oxidation of 
the soils led to P immobilization due to its binding to oxidized Fe (Chapters 3 and 5), as 
explained above, and due to the fact that the pH did not drop to levels below 4 where 
P is mobilized from Fe again.
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Nutrient availability
There are two causes of eutrophication in floodplains: external input (river water, 
fertilization, run-off, precipitation), and internal mobilization in the soil. We have 
examined both sources, and the second (internal eutrophication) appeared to be a 
significant process because even if the water is nutrient-poor, high levels of nutrients 
accumulated in the soil or sediment would still cause severe eutrophication. If we look 
at a gradient in the floodplain directly adjacent to the river Vistula (Fig. 2), it becomes 
clear that there is a huge direct input of both phosphate and nitrate from the river, 
including from sedimentation.
Fig. 2. Sampling points in the Vistula River floodplain close to Kamien Village from a 
lateral view (a), and from above (b). The gradient covers 200 metres, horizontally.
Phosphorus is an important nutrient for plants; its availability has a strong impact on 
plant species composition as it can be a growth-limiting factor. When P availability 
increases it can cause eutrophication and dominance of fast-growing species whereas 
natural, characteristic species disappear. In the soil, Fe-bound P is a redox sensitive 
fraction, and because flooding causes changes of soil redox state, P may easily become 
mobilized from this fraction leading to very high concentrations in both pore water and 
surface water, and causing strong eutrophication and the development of algal blooms 
(Chapters 2, 3).
The bioavailable P levels (Olsen extract) in the gradient of the Vistula floodplain 
show a clear increase from the dike to the river (Fig. 3d,e,f) and the levels are 
extremely high, similar to those found for alluvial soils along the river Oder (Lamers et 
al. 2006; Loeb et al., 2008b; Antheunisse et al., 2006). Concentrations (especially in 
depressions - 5, 10 and 11) appeared to strongly increase over 2 years. The depth 
profile at locations 10-11 showed that bioavailable P levels were still around 3000 
^mol g-1, which is much higher than the target value of 250 ^mol g-1 found in 
biodiverse vegetation types (Lamers et al., 2006, Smolders et al., 2008). A significant 
part was shown to be bound to Fe. Even in the meadows along the Chodelka river 
(Chapter 2 and 3), which are no longer connected to the river, bioavailable P 
concentrations are 2000-4000 ^mol g-1, probably due to past flooding with eutrophic 
water and the application of fertilizer. This means that there is still a strong 
accumulation of P in river floodplains, which hampers ecological restoration and 
provides a large potential source of P mobilization to the river water during flooding. It
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is known that floodplains have a high P-binding potential due to their high Fe 
concentrations (Loeb et al., 2008a). This means that high loads of P will be trapped. 
Moreover, the fertilized meadow had significantly higher levels of Olsen P resulting in a 
much stronger eutrophication response to flooding. The rate of PO43- mobilization is 
related to the P saturation of Fe binding sites in the soil, the latter being reflected by 
the pool of amorphous Fe (Loeb et al., 2008b). Soil total Fe to P ratio, another indicator 
of P saturation, proved that PO43- mobilization was related to Fe reduction as it was 
around 12 mol mol-1, a threshold value according to several authors (Jensen et al., 
1992; Ramm and Scheps, 1997; Geurts et al., 2008). Yet another indicator is the Fe:PO4 
ratio in pore water which correlated negatively with the surface water PO43 (Smolders 
et al., 2001; Geurts et al., 2008). On the other hand PO43- can be immobilized by 
binding to Ca and/or CaCO3, which we observed during long-term flooding (Chapter 3).
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Fig. 3. Mean levels (± 95% confidence intervals) of accumulated bioavailable forms of N 
(upper panel) and P (lower panel) showing differences in time (left), transect (middle) 
and soil profile (right). Data on a and d are pooled for all points for depth of 0-20 cm, b 
and e are for depth 0-20 cm whilst c and f are pooled for time and location.
Levels of phosphate and nitrate in the Vistula River showed seasonal fluctuations and 
were highest in spring and late winter (data not shown). The average concentration of 
phosphate was 2.4 ^mol l-1 and maximum levels were around 6.4 ^mol l-1. Nitrate 
concentrations were around 700 ^mol l-1, with high peaks around 2700 ^mol l-1.
Nitrogen is another important, potentially growth-limiting nutrient in floodplains 
and the input of NO3- may also lead to the development of fast growing species instead 
of target vegetation. N did, however, not show the same gradient as P (Fig. 3a,b,c) and 
was only increased directly adjacent to the river. The depth profile did not show 
differences with depth. N is much more mobile than P, and is lost to the atmosphere 
by denitrification (see above) and anammox. NO3- concentrations in soil pore water, 
however, amounted to values up to 700-3000 ^mol l-1, which is very high. The 
mesocosm study in Chapter 2 showed that P mobilization will not occur during short­
term flooding as long as NO3- is still available, which explains why this hardly happened 
in the field (results not shown). This was confirmed by soil Eh values, which stayed 
above 300 mV during flooding, except for some depressed locations, which means that
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NO3" acted as a redox buffer counteracting Fe reduction and concomitant P loss 
(Lucassen et al., 2004).
The results from the mesocosm studies led us to the conclusion that the way of land 
cultivation of the floodplain, which determines soil quality, plays a key role in the soil 
response to flooding regardless the period of inundation.
The role of river water quality in internal eutrophication
Next its contribution to the direct influx of nutrients, the composition of the 
floodwater was also shown to play an important role with respect to PO43" mobilization 
(internal eutrophication). The main factors potentially boosting this process are SO42" 
and alkalinity. On the other hand, the presence of more favourable electron acceptors 
(e.g. NO3 ) in water would cause immobilization of P in soil/sediment as mentioned 
above (Lucassen et al., 2004). We have indeed shown the buffering role of NO3" in the 
flooding experiments (Chapters 2 and 3). Next, we saw a clear stimulation of the 
mobilization of P by SO42" but only during long-term inundation (Chapter 3). 
Theoretically, the reduction of SO42- can cause additional mobilization of PO43- by the 
interaction of produced H2S with Fe and P cycle in soil/sediment leading to FeSx 
formation, and by the competition between SO42- and PO43- for anion binding sites (e.g. 
Smolders et al., 2006). During the short-term inundation, however, SO42- pollution did 
not lead to additional P mobilization in the floodplain soils tested, in agreement with 
the observations by Loeb et al. (2007). This means that direct mobilization of P by 
sulphide formation was unlikely due to sufficient amorphous iron for P and S binding 
(Loeb et al., 2008a). On the longer term, SO42- seems to increase P by the stimulation 
of mineralization (Lamers et al., 1998), and simultaneous addition of NO3- could not 
prevent P mobilization in our flooding experiments (Chapter 3). In the artificial lake 
studied, the influx of SO42- enriched water did not lead to additional P mobilization 
within 4 months, due to the low levels of Fe bound P (Chapter 5; Lamers et al., 2001, 
2002). Here, alkalinization was the main factor increasing the eutrophication response. 
It is known that increased alkalinity is well able to generate higher nutrient levels due 
to the stimulation of decomposition and nutrient mineralization (Roelofs, 1991; 
Smolders, 1995). The reduction of SO42- also generates alkalinity and leads to the 
accumulation of inorganic carbon (Chapter 2, 3, 5).
Decomposition in floodplain soils
The biomass of microbes involved in the decomposition of organic matter depends on 
temperature, soil moisture, pH, Eh and the availability of nutrients (Blagodatskii et al., 
2008). Plants roots are also involved in this process, not only contributing to 
respiration but often also able to release O2 into the soil by radial oxygen loss. Soils 
including Polish arable soils have been shown to have a 3-fold higher respiration 
activity when the temperature increases by 10°C (Contant et al., 2004; Gough and 
Seiler, 2004; Dilustro et al., 2005). This has important implications with respect to the 
seasonality of decomposition and mineralization, and causes differences in flooding 
response during summer or winter.
To investigate the role of nutrient availability in decomposition, we have 
additionally investigated soil respiration activity (Brzezinska, 2006) of the same soils as
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we used for the flooding experiments in Chapter 2 and 3 (unpublished results). 
Fertilized soil (HAY), having higher (bioavailable) P but not higher N concentrations, 
showed significantly higher microbial dehydrogenase activity (up to 6.5 g^ 
triphenyltetrazolium chloride (TTC) g 1 dry soil min-1) than less fertilized soil (PAS; up to 
3.5 ^g g 1 min1, p<0.05). This difference as a result of land use was confirmed by gas 
exchange measurements, with a clear relation between gas production and DHA 
activity (r=0.32**). The results indicate that decomposition and carbon loss in 
floodplains are related to P availability, rather than to N availability, which is very 
relevant in relation to the potentially high P accumulation in floodplain soils (Lamers et 
al., 2006; Loeb et al., 2007). This may also hamper peat production in floodplains.
Next to temperature and nutrient availability, the water content of the soil is a 
very important factor controlling decomposition, especially in riparian soils. A low 
content can hamper respiration by lowering the availability of nutrients or even cause 
their death due to low water potential (Rodriguez-Iturbe and Porporato, 2004). When 
dry soil becomes wet the respiration increases with water content, indicated by a 
higher redox potential (Glinski and St^pniewska, 2005; Brzezinska, 2006). When it 
reaches 50-80%, the respiration is hampered again (Davidson et al., 2000) due to low 
gas transport and exchange. Low oxygen concentrations decrease aerobic 
decomposition and lead to lower phenol oxidase activities, which additionally hamper 
decomposition because of the accumulation of phenolic compounds that inhibit 
degradation (Freeman et al., 2001). In the lake sediment studied (Chapter 5) oxygen 
supply to the sediment did, however, not stimulate decomposition rates. Additional 
experiments with soils of the floodplain studied in this thesis (Chapter 2 and 3) also 
showed that water saturated soils could still have high decomposition rates leading to 
the fast reduction of alternative electron acceptors, especially for HAY (results not 
shown).
Flooding and vegetation response
Flooding is a stress factor drastically affecting plant functioning, particularly for non­
wetland species. As a result of oxygen deprivation, light limitation and reduced CO2 
availability the metabolic efficiency (photosynthesis, respiration and internal transport 
of nutrients) of the flooded vegetation is restricted (Laan et al., 1989; Vervuren et al., 
1999; Chen et al., 2005; Mommer and Visser, 2005; Mommer et al., 2005; Chapter 4) 
and therefore leads to biomass reduction (Pezeshki, 2001; van Eck et al., 2004). 
Additionally, the accumulation of reduced potential phytotoxins (Fe2+, Mn2+, H2S and, 
at high concentrations, NH4+; Snowden and Wheeler, 1993; Lucassen et al., 2000, 
2002) in the soil can have a negative impact on plants causing, among others, growth 
retardation, reduction in leaf size, wilting of shoots and necrosis.
We not only tested the effects of inundation on the terrestrial plant species 
presently growing on former floodplains, but also investigated the new development 
of wetland vegetation. In Chapter 4 we compared the tolerance of species now 
present in former floodplains to flooding, and their acclimation patterns (Fig. 4). These 
species were also present on the tested wet meadow mesocosms (Chapters 2 and 3). 
We found that plants from (moist) meadows are less tolerant to complete 
submergence than plants occurring in frequently flooded river forelands, which were 
all able to survive even 6 weeks of complete submergence. These plants probably
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possess traits that enable them to cope with oxygen limitation in the root zone and 
with unfavourable biogeochemical processes (see below). The majority of plant species 
typical for wet meadows were, in contrast, able to survive only 3 weeks of complete 
submergence. The actual vegetation change during floods in the growing season will 
therefore strongly depend on the flooding duration.
Synthesis
Fig. 4. Experimental set-up to test flooding responses of selected species (photo credit: 
Artur Banach).
Enhanced shoot elongation is a well-known acclimation mechanism of terrestrial plants 
to survive complete submergence by restoring the contact of the leaves with light, 
carbon dioxide and oxygen. It can be a result of increased stem, petiole or lamina 
growth, and is accompanied by a vertical orientation of the leaves (hyponasty) (Laan 
and Blom, 1990; Banga et al., 1995; Blom and Voesenek, 1996). However, this type of 
response requires considerable amounts of energy and carbohydrates (Groeneveld 
and Voesenek, 2003) and it is beneficial only when prolonged and/or relatively shallow 
floods occur. In our study (Chapter 4) we showed that plants from floodplains indeed 
possess this ability of shoot elongation. Even if they were not able to restore contact 
with the atmosphere, they still placed their shoots in such a position that underwater 
photosynthesis was optimized. Although less tolerant species also showed such 
response, they did not have sufficient capacity for internal gas transport. This makes it 
unlikely that underwater photosynthesis attributes substantially to the survival of 
these species.
In addition to their survival rates, biomass changes of plant species provide an 
important indicator of their condition, tolerance to total submergence (Gibbs and 
Greenway, 2003; Van Eck et al., 2004) and ability to compete with neighbours after 
submergence (Lenssen et al., 2004). The experiment described in Chapter 4 showed 
that tolerant species were (generally) able to maintain or increase their leaf biomass 
even during 6 weeks of flooding. In comparison, intermediate species lost more of 
their leaf biomass during the short flood, leading to a considerable reduction of their 
survival when flooding lasted longer. Even if leaf biomass increased during short-term
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flooding, the species all died during longer flooding. Tolerant plant species were shown 
to either have high biomass loss followed by fast recovery, or little loss followed by 
slower recovery.
In the mesocosms, five weeks of flooding (Chapter 2) caused a temporary 
decrease of vegetation cover and biodiversity in the mesocosms, presumably due to 
the combined effects of physiological stress and light competition with algae as a 
result of strong P mobilization in all flooding treatments. Herb species suffered most 
from flooding, regardless of water quality. We noticed, however, an increasing 
dominance of Carex species for the pasture, but not for the more fertilized hayland. 
We did not see an effect of water quality during this transient period of flooding. 
Although the vegetation partly recovered after the flooding period, its cover was still 
lower than initially, and the species composition had changed as a result of flooding 
stress which is well known for flooding of terrestrial species (Chapter 4; Chen et al., 
2005).
Permanent inundation had much stronger effects, as shown in Chapter 3. Plant 
response was, unlike for short-term flooding, strongly influenced by the interactions 
between soil use and water quality. Herbs, again, the most abundant plant group on 
the studied meadows were the most sensitive group as could be expected. Carex 
species and a number of grass species in the control flooding treatment were tolerant 
to flooding, as could be expected from their specific traits including the ability to 
oxidize their rhizosphere. We found striking differences in vegetation development 
between both meadow types (related to land use), with a very strong decline of the 
vegetation for the more fertilized type if the water contained high concentrations of 
sulphate and/or nitrate. Vegetation development was only possible if the water was 
unpolluted. In contrast, the less fertilized soil showed luxurious growth of Carex 
species for all water qualities, including the N and S rich treatments. This may partly be 
related to the strong eutrophication response of HAY, leading to strong algal 
development in the water layer which hampered vegetation growth. In addition, the 
lower redox potential related to the sequential depletion of alternative electron 
acceptors (inducing more severe oxygen stress) in this more compact soil type, and the 
higher concentration of potentially phytotoxic substances in sediment pore water as a 
result of higher decomposition rates, including sulphide (for S-treated), nitrite (for N- 
treated), ammonium, and possibly also organic acids, may have negatively influenced 
vegetation development (Roelofs, 1991; Armstrong et al., 1996; de Graaf et al., 1998; 
Lamers et al., 1998; Lucassen et al., 2003; Van den Berg et al., 2005; Koch et al., 2007). 
The type of land use, leading to the above-mentioned changes, was therefore the main 
determinant for the development of target vegetation (including Carex spp.) for 
riverine fen creation. For eutrophic soils it appeared to be essential to have surface 
water with low concentrations of both SO42” and NO3". The observed development of 
the vegetation for this management option was in strong contrast to the effects of 
short term flooding (riparian wetland; Chapter 2), where all treatments showed equal 
reduction in vegetation cover as a result of flooding.
In addition to the effects mentioned above, differences in nutrient availability 
may also directly influence vegetation development and, by interspecific competition, 
diversity. In Chapter 3 we showed that inundation led to higher availabilities of N, K 
and P. Nutrient ratios in plant tissue suggested that the vegetation on both soils be N-
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limited only, (N:P ratios <12-14 g g"1, Koerselman and Meuleman, 1996; Gusewell et 
al., 2003; Olde Venterink et al., 2003). The increased availability of P due to flooding 
did not decrease these ratios in plant tissue, which further supports this idea. Although 
the increased availability of N may have changed the vegetation composition, the 
negative indirect effects of eutrophication via the competition with algae (P-limited), 
as explained above, appeared to be far more important for vegetation development.
Restoration strategies for former floodplains
The general aim of this thesis was to assess the opportunities for ecological restoration 
of former floodplains, combining safety strategies with ecological goals. We focused on 
the biogeochemistry and vegetation development of former floodplains of the 
Chodelka River, a tributary of the Vistula (Weichsel) now being used as (non-flooded) 
agricultural land. In addition, the feasibility of ecological rehabilitation of Bartkow tug 
Lake, now used for fish stock production, was studied (Fig. 5). The studies in the 
present thesis allow for the prediction of the effects of different restoration scenarios. 
The plan of local authorities is to create a basin in order to increase the retention 
capacity of the river. The area could either become a riparian wetland or a fen area, 
depending on the hydrological conditions and on possible additional measures, such as 
the ones being carried out in the Netherlands (see introduction). Our studies prove 
that inundation of this area would have negative effects for water quality due to the 
high mobilization of P, as related to land cultivation (availability of nutrients). These 
meadows have been cultivated for at least 50 years and many of them have been 
polluted by high nutrient inputs from the river in the past and by heavy fertilization, 
like most areas along lowland rivers. Transitional flooding in the winter will hardly have 
any effects on vegetation, but summer flooding will put selective pressure on the 
species present, leading to the disappearance of flood-intolerant species and 
dominance of characteristic riparian floodplain species, provided the diaspore bank 
and/or dispersal do not generate constraints. We, however, found indications that 
even without new dispersal, characteristic species were still present and able to re- 
grow after flooding. With increasing time of summer flooding, however, there is an 
increasing risk of algal blooms affecting vegetation development due to light 
deprivation. Surface water concentrations of S and N seem to be less relevant than the 
ecophysiological effects of flooding for this scenario.
In contrast, for the second scenario, the restoration of (more or less) 
permanently flooded fens, the interaction between soil and water quality appears to 
be the most important determinant of successful development. For heavily fertilized 
areas, optimal vegetation development is only possible when the surface water 
concentrations of S and N are low. For less fertilized areas, prospects for vegetation 
development are much better, even at higher S and N levels. The problem of high P 
mobilization is, however, even more prominent than for scenario 1, and the risk of 
algal dominance is high, which is highly undesirable both from ecological and from 
recreational viewpoint. This fact questions the idea of the creation of a floodplain lake 
which could be used for recreation activities. The removal of nutrient-rich soil layer 
may be beneficial, but may have consequences for the seed bank of floodplain plants. 
Due to the high connectivity, however, species will still be able to arrive by dispersal.
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The contrast between the two scenarios corresponds well with the idea that for 
communities primarily controlled by flooding regime, biogeochemistry is less 
important than the flooding regime (Lamers et al., 2006). Biodiversity is controlled by 
(flooding) disturbance, either positively or negatively. Less dynamic communities, 
however, can be easily constrained by biogeochemical factors including eutrophication 
and the accumulation of toxins.
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Fig. 5. Sampling of ground water on the shore of Bartkow tug Lake (photo credit: Roy 
Peters).
For development of biodiversity in the artificial Bartkow tug Lake located near to 
Chodelka River, the goal is to create optimal conditions for the development of aquatic 
and helophyte vegetation. This requires a combination of measures to reduce the P- 
concentration: the removal of the benthivorous fish stock, a drastic reduction of the 
river water inlet allowing for water table fluctuation, and iron addition to the sediment 
to improve internal P-stripping in this Fe-poor lake. If the lake would be completely 
isolated from the river, the groundwater influence is too low and it will be impossible 
to fill the lake. Yearly desiccation of the lake will, without Fe addition, not be enough 
to improve water quality. For more natural lakes in floodplains, with high Fe 
concentrations, water level fluctuation will have a bigger impact, provided P saturation 
levels are sufficiently low.
Conclusions
In my project I focused on the identification of possible biogeochemical and 
ecophysiological constraints for the restoration of floodplain vegetation. Although this 
is a complicated task as there are many factors involved, it could be shown that it is 
well possible to predict the outcome of different scenarios by experimental feasibility 
studies. In this way, a trial and error approach with highly questionable outcome and 
great ecological and socio-economical risks can be avoided. Knowledge of biological 
and biogeochemical constraints and opportunities not only supports decision making
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with respect to the selection of measures for ecological restoration, but also enables 
the definition of achievable ecological targets for different riverine areas.
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Summaries
Streszczenie
Zmiany w srodowisku i ich konsekwencje w obszarach podmoktych
Dziatalnosc cztowieka w ostatnich dekadach spowodowata liczne zmiany w srodowisku. 
Osuszanie obszarow podmoktych w celu uzyskania przestrzeni dost^pnej dla rolnictwa, 
regulacja rzek oraz rozwoj przemystu i urabanizacja miaty istotny wptyw na ekosytemy. 
Wsrod tych obszarow, ktore najbardziej ucierpiaty, znajdujq si  ^tereny podmokte oraz 
rozlewiskowe. Od wiekow stanowity one jedne z najbogatszych gatunkowo 
ekosystemow o ogromnej produktywnosci, cz^sciowo na skutek cz^stych podtopien. 
Ze wzgl^du na ich zyznosc byty to pierwsze obszary podlegajqce intensywnemu 
zasiedlaniu przez spotecznosci ludzkie juz od czasow starozytnych.
Tereny podmokte spetniajq wiele waznych funkcji takich jak: kontrola rozlewow, 
unieruchomienie zanieczyszczen i zwiqzkow biogennych, tworzenie warstw osadow, 
kontrola erozji czy gromadzenie zasobow wod. Wraz z uptywem czasu cztowiek coraz 
bardziej zmieniat te obszary, dopasowujqc je do swoich potrzeb, zmniejszajqc 
rownoczesnie tereny o naturalnej kompozycji gatunkow roslin i zwierzqt. 
Spowodowato to pogorszenie bqdz utrat^ ich walorow oraz funkcji, przyczyniajqc si^ , 
wraz z post^pujqcym zanieczyszczeniem srodowiska, do negatywnych zjawisk jakie 
obserwujemy od wielu lat. W  podobny sposob zagrozone sq zbiorniki wodne, licznie 
wyst^pujqce na obszarach podmoktych. Jakosc ich wod pogarsza si  ^na skutek doptywu 
zanieczyszczen ze zrodet zewn^trznych (np. z zanieczyszczonych rzek, sptywu 
powierzchniowego srodkow ochrony roslin z pol uprawnych). Dodatkowo sposob ich 
uzytkowania ulegt zmianie, np. z powodu intensywnej hodowli ryb.
Zagrozenie powodziowe
Powodz jest najwazniejszym zjawiskiem na terenach nadrzecznych. Proces ten 
wyst^powat naturalnie od wiekow i zawsze stanowit powazny problem dla lokalnych 
spotecznosci. Od samego poczqtku podejmowano liczne dziatania majqce zmniejszyc 
zagrozenie tym zjawiskiem. Polegaty one przede wszystkim na odgrodzeniu si  ^
cztowieka od rzek za pomocq watow, zastosowanie roznych blokad w celu ograniczenia 
wylewow, czy tez oszuszeniu cz^sci obszarow. Przez lata strategia ta wydawata si  ^byc 
wystarczajqca dla rozwiqzania problemu, jednak w ostatnich dziesi^cioleciach zjawisko 
powodzi nasilito si  ^ i stato si  ^ przyczynq kolejnych tragedii ludnosci mieszkujqcej w 
poblizu rzek na catym swiecie. Coroczne raporty wskazujq na istnienie rosnqcego 
trendu cz^stosci i intensywnosci wyst^powania zjawisk powodziowych, a badania 
modelowe pokazujq, iz spodziewane jest dalsze nasilenie si  ^problemu prawopodobnie 
na skutek zmian klimatycznych obserwowanych od pewnego czasu.
Zjawiska powodziowe na obszarze Polski obserwowano najcz^sciej w okresie 
wiosennym na skutek topnienia pokrywy snieznej i gwattownego sptywu wod z 
poszczegolnych odptywow do gtownych rzek: takich jak Wista czy Odra. Zmiany 
klimatyczne przyczynity si  ^ do zintensyfikowania opadow, ktore stanowiq obecnie 
istotne zrodto podwyzszonego poziomu wod. Opady takie majq miejsce nie tylko w 
okresie wiosennym, ale rowniez latem. Kilka dni intensywnych opadow wystarcza 
obecnie aby poziom wod w rzekach podniost si ,^ a nawet przekroczyt stan alarmowy.
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System ochrony przeciwpowodziowej w Polsce nie jest przygotowany na taki stan 
rzeczy, znaczna czçsc watów zostata skonstruowana w ciqgu minionych stu lat i ich 
wysokosc jest niewystarczajqca by sprostac obecnym problemom. Na przyktad w 
srodkowym biegu Wisty w województwie lubelskim, znajdujq siç waty pochodzqce z 
czasów carskich (XIX wiek), które nie sq w stanie zapewnic wtasciwej ochrony obszarów 
nadrzecznych.
Zaufanie w istniejqcy system ochrony przyczynito siç do tragicznych w skutkach 
wydarzeñ. Minione 2G lat pokazato jak bardzo jest to niedoskonata ochrona i jak wiele 
pracy trzeba wtozyc w celu usuniçcia skutków powodzi oraz jak wiele potrzeba zrobic 
aby zapewnic lepszq ochronç na przysztosc. Pierwsza od wielu lat, tak tragicznq w 
skutkach, byta powódz wywotana intensywnymi opadami latem 1997 roku na Odrze i 
Wisle. W  tym czasie najbardziej ucierpiaty tereny potozone w potudniowej i zachodniej 
czçsci Polski, ale równiez dotkniçte zostaty obszary potozone w Niemczech, Austrii, 
Czechach i Stowacji. Skutkiem tej powodzi, zwanej pózniej powodziq tysiqclecia, byta 
smierc 114 osób (56 osób w Polsce) i straty siçgajqce blisko 4,5 mld dolarów 
amerykañskich (3,5 w Polsce). Mimo tak tragicznych wydarzeñ, nie podjçto 
zdecydowanych kroków majqcych na celu unikniçcie podobnej sytuacji w przysztosci. 
Kolejne lata to mniejsze lub wiçksze zdarzenia powodziowe nawiedzajqce Polskç w 
okresie wiosenno-letnim z coraz wiçkszq czçstotliwosciq.
Rok 2G1G przynióst kolejnq katastrofç Polsce. W  okresie wiosenno-letnim 
nastqpity dwie powazne powodzie o sile przewyzszajqcej te, które miaty miejsce w 
1997 roku. Po intensywnych deszczach poziom wody w Wisle wzróst istotnie i szacuje 
siç, ze fala kulminacyjna byta najwiçksza od 1SG lat. Podtopione zostaty liczne miasta, 
(np. Kraków, Sandomierz), przerwane zostaty waty powodziowe powodujqc zalanie 
wielu wsi. Wsród zagrozonych miast byta równiez Warszawa. W  województwie 
lubelskim podtopione zostato 9G% obszaru gminy Wilków, gdzie w latach 2GG5-2GG9 
prowadzono badania do niniejszej pracy doktorskiej. Poziom wody na Odrze równiez 
osiqgnqt stan alarmowy. Powódz ta szczególnie dotknçta wielu mieszkañców Polski. 
Zanotowano 25 ofiar smiertelnych, wiele osób zostato bez dachu nad gtowq, a 
usuwanie strat i odbudowa gospodarstw rolnych zajmie wiele czasu.
Przedstawione powyzej zdarzenia dowodzq, ze obecny system ochrony 
przeciwpowodziowej w Polsce jest przestarzaty i niewystarczajqcy. Uregulowanie rzek i 
ich obwatowanie powoduje bowiem zmniejszenie siç obszaru jaki mógtby przyjqc 
nadmiar wód. Wynikiem tego jest taki skutek, ze podczas intensywnych opadów 
poziom wód wzrasta bardzo szybko do stanu jakiego nie sq zdolne objqc waty. 
Obserwowne jest wtedy zjawisko „cofki", gdy nadmiar wód jest cofany z rzeki do jej 
doptywów. Sytuacja wyglqda zupetnie inaczej na terenach mniej uregulowanych, gdzie 
nadmiar wody rozlewa siç na obszary bezposrednio przylegte tworzqc rozlewiska. W 
roku 2G1G powódz na rzece Bug (wschodnia granica Polski) miata niewielki wptyw na 
okoliczne tereny zmieszkate w porównaniu do takich rzek: jak Odra czy Wista.
Podobne zjawiska zaobserwowano w Europie Zachodniej, gdzie uregulowane 
rzeki przyczynity siç do powaznych problemów dla mieszkañców ich okolic. W  zwiqzku 
z tym postanowiono zmienic dotychczas stosowane strategie przeciwdziatania 
powodzi. Obecnie proponuje siç odtwarzanie bardziej naturalnych systemów 
rzecznych, poprzez stworzenie wiçcej miejsca dla rzek. Polega to na udraznianiu 
starych koryt rzek, usuwaniu watów przeciwpowodziowych w celu poszerzenia koryta
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rzeki oraz tworzeniu zbiorników retencyjnych moggcych gromadzic tymczasowo, bgdz 
w sposób ciggty wodç. W  ten sposób próbuje siç potgczyc interesy wielu grup, zarówno 
mieszkañców oczekujgcych bezpieczeñstwa, jak i ekologów pragngcych otwarzania i 
zachowania naturalnych ekosystemów podmoktych. Podjçte próby wykazaty 
skutecznosc tych strategii i obecnie trwa popularyzacja takich dziatañ szczególnie tam, 
gdzie problem powodziowy jest powazny. Mimo to wiele z podjçtych dziatañ okazato 
siç nieskutecznych i powstata potrzeba okreslenia przyczyn ich niepowodzeñ oraz 
wypracowanie sposobu ich zniwelowania. Zaistniate przeszkody, nazwane takze 
barierami, wynikajg ze zmian w srodowisku glebowym, spowodowanym 
przeksztatceniem terenów podmoktych i sposobem ich uzytkowania. W  zwigzku z tym, 
kazde planowane dziatanie wymaga identyfikacji mozliwych do zaistnienia barier i 
okreslenia sposobu ich wyeliminowa, tak aby ostatecznie wskazac najbardziej 
optymalng strategic dla danego obszaru.
Przestanki przygotowania niniejszej pracy doktorskiej
Zarysowane powyzej problemy zainteresowaty mnie i rozpoczynajgc rea liza j 
niniejszej pracy doktorskiej pragngtem zbadac konsekwencje srodowiskowe powodzi w 
okresie letnim oraz próby dziatañ tgczgcych bezpieczeñstwo przeciwpowodziowe z 
renaturalizacjg obszarów podmoktych na terenie srodkowej doliny Wisty 
(województwo lubelskie). Badania realizowatem w ramach polsko-holenderskiego 
projektu „Zintegrowany system zarzgdzania zasobami wodnymi na obszarze doliny 
Wisty". Badaniami objçto tgki w okolicy doptywu Wisty - Chodelki (wies Kosiorów, 
gmina Wilków), gdzie lokalne wtadze planujg utworzenie zbiornika retencyjnego. Na 
obszarze tym przewidywane jest zastosowanie jednej z I  strategii, tj. utworzenie 
zbiornika przyjmujgcego wodç na czas powodzi (scenariusz 1), podczas cofki wody z 
Wisty albo zbiornika trwale wypetnionego wodg (scenariusz I). Na wytypowanym 
obiekcie wybrano tgki potozone na obszarze dawnych rozlewisk Chodelki, róznigce siç 
miçdzy sobg sposobem uzytkowania. Materiatem do badañ byty gleby wraz z 
roslinnoscig pochodzgce z wybranych tgk, które poddano okresowym nawodnieniom 
wodg o zróznicowanym sktadzie, ustalonym na podstawie danych terenowych w 
kontrolowanych warunkach laboratoryjnych. Badano nie tylko procesy 
biogeochemiczne zachodzgce w glebach, ale równiez r e a k j  bytujgcych na nich roslin 
(Rozdziat I  i B). Dodatkowo porównano zdolnosc roslin pochodzgcych z obu tgk i z 
obszaru wylewów Wisty (Kçpa Solecka) do aklimatyzacji w warunkach ich catkowitego 
zalania (Rozdziat 4). Drugim obiektem badawczym byt sztuczny staw Bartków tug 
potozony w okolicach Opola Lubelskiego. Zbiornik ten jest zasilany wodg rzeczng 
(Chodelka) i poddawany zabiegom majgcym na celu zapewnienie optymalnych 
warunków dla hodowli ryb. Celem badañ byto okreslenie mozliwosci renaturalizacji 
tego zbiornika czemu postuzyty informacje zebrane podczas monitoringu stanu osadów 
i wód stawu oraz doswiadczenia laboratoryjne (Rozdziat S).
Bariery biogeochemiczne
Na skutek zmian w sposobie uzytkowania terenu zmienia siç równiez sktad gatunkowy 
roslin. Wiele terenów podmoktych zaniknçto, a gatunki preferujgce suche srodowisko 
zdominowaty te obszarny. Powódz jest wiçc powaznym czynnikiem stresowym dla
Summaries
116
takich roslin, a zmiana stanu natlenienia podtoza nawet na krótki czas bçdzie miec dla 
nich drastyczne konsekwencje.
Gleba jest uktadem trójfazowym, na który sktadajq siç czqsteczki gleby, a wolne 
przestrzenie pomiçdzy nimi (pory glebowe) wypetniajq woda i powietrze glebowe. Na 
skutek zalania gleby nastçpuje wysycenie wodq porów glebowych i zmniejszenie siç 
dostçpnowsci tlenu dla roslin i mikroorganizmów glebowych. Jest to spowodowane 
bardzo niskq rozpuszczalnosciq tlenu w wodzie, która jest 10 tysiçcy razy mniejsza niz 
w powietrzu. Caty zapas tlenu zostaje szybko wykorzystany przez organizmy glebowe i 
powstaje stan anoksji, oznaczajqcy niedobór tego pierwiastka. W  takich warunkach 
czesc organizmów, bezposrednio zalezna od obecnosci tlenu czqsteczkowego ginie, zas 
te, które posiadajq odpowiednie przystosowania sq w stanie funkcjonowac dalej; 
aktywne wówczas stajq siç równiez organizmy niezalezne catkowicie od dostçpnosci 
tlenu.
W  warunkach niedotlenienia metabolizm roslin przestawia siç na mniej wydajny 
proces fermentacji, co jest przyczynq zaburzenia ich wzrostu czy nawet w ostatecznosci 
smierci. Dodatkowo wiele mikroorganizmów wykorzystuje inne zródta tlenu (zawane 
tez akceptorami elektronów potrzebnych w procesie oddychania) uzyskiwanego na 
drodze redukcji utlenionych zwiqzków azotu, manganu, zelaza, siarki czy wçgla, 
redukowanych w okreslonej kolejnosci. Wraz z wyczerpywaniem siç kolejnych zródet 
tlenu stan anaerobiozy pogtçbia siç. Procesom redukcyjnym towarzyszy tworzenie siç 
produktów, które sq czçsto toksyczne dla organizmów, np. siarczki, amoniak czy 
azotyny, co nasila negatywny efekt zmiany warunków glebowych podczas powodzi. 
Wraz z tymi procesami zmienia siç potencjat redoks (Eh), który jest dobrym 
wyznacznikiem procesów oksydoredukcyjnych zachodzqcych w srodowisku glebowym. 
Podczas prowadzonych badañ monitorowano Eh uzyskujqc szybkq in fo rm aj na temat 
zmian stanu natleniania badanych gleb i osadów w trakcie ich zalania oraz podczas 
reoksydacji. Przebieg tych procesów zalezy od dostçpnosci substratów (materia 
organiczna, akceptory elektronów) dla róznych grup mikroorganizmów glebowych 
wspótzawodniczqcych ze sobq. W  ten sposób obserwowany jest wypadkowy potencjat 
redoks dajqcy ogólnq wiedzç na temat stanu gleby. Podczas, gdy w glebie sq dostçpne 
azotany (V) (np. na skutek dziatalnosci rolniczej), przewagç zyskajq mikroorganizmy 
redukujqce je a inne procesy redukcyjne sq hamowane. W  ten sposób mozna mówic o 
buforowaniu potencjatu redoks w glebie, dziçki czemu przez dtuzszy czas bçdq 
panowaty tam warunki tlenowe, co potwierdzity przeporowadzone badania (Rozdziat 
2). Dodatkowym negatywnym czynnikiem zredukowania podtoza jest tworzenie 
gazowych produktów takich jak: tlenek diazotu (N2O) oraz metan (CH4), które sq 
zaliczane do gazów szklarniowych. W  ten sposób zjawiska powodziowe uczestniczq w 
procesie emisji gazów szklarniowych do atmosfery.
Aktywnosc respiracyjna, wyktadnik aktywnosci gleb, to poroces zwiqzny z 
oddychaniem mikroorganizmów i korzeni roslin. Moze byc ona zdefiniowana jako 
catkowite zapotrzebowanie gleby na tlen lub ilosc wydzielonego dwutlenku wçgla z 
gleby do atmosfery w jednostce czasu. Do czynników ksztattujqcych ten proces 
mozemy zaliczyc temperature, wilgotnosc gleby, jej strukturç, odczyn i Eh oraz 
dostçpnosc substratów. Wzrost temperatury powoduje intensyfikacjç respiracji co ma 
istotny wptyw na intensywnosc procesów zachodzqcych w glebie. Z tego powodu 
podtopienia latem majq znacznie powazniejsze konsekwencje srodowiskowe w
Summaries
117
porównaniu z powodziq w okresie wczesnowiosennym. Przeprowadzone obserwacje w 
terenie potwierdzity istotny wptyw temperatury na aktywnosc respiracyjnq, która byta 
istotnie wyzsza latem niz wczesnq wiosnq czy jesieniq. Ze wzglçdu na to tak bardzo 
istotne jest poznanie konsekwencji powodzi letnich, które w ostatnich latach 
wystçpujq znacznie czçsciej niz w innych porach roku.
Zmiana stanu natlenienia podtoza wptywa równiez na obieg innych pierwistków 
(innymi stowy na ich cykle biogeochemiczne). Na szczególnq uwagç zastuguje cykl 
fosforu, waznego pierwiastka biogennego, niezbçdnego dla organizmów zywych. 
Pierwiastek ten wystçpuje w glebie w róznych postaciach, tworzy liczne potqczenia w 
formie mineratów i zwiqzków zelaza, wapnia czy glinu oraz w postaci bezposrednio 
zwiqzanej z materiq organicznq. Podczas zalania gleby dochodzi do redukcji zwiqzków 
zelaza (Eh<150 mV), w tej sytuacji frakcja fosforanowa zwiqzana w postaci mineratów 
zelaza (III) ulega uruchomieniu i staje siç dostçpna dla organizmów. Wzrost stçzenia 
tego pierwiastka w roztworze glebowym oraz wodach powierzchniowych sprzyja 
rozwojowi gatunków wysokoproduktywnych. W  ten sposób wzrasta trofia (zyznoSC) 
systemu nawet w sytuacji, gdy nie ma doptywu zwiqzków fosforu ze zródet 
zewnçtrznych. Zjawisko to nazywane jest eutrofizacjq wewnqtrzsystemowq i zostato 
one dobrze udokumentowane w literaturze. Równiez przeprowadzone badania 
(Rozdziaty 2, B i 5) potwierdzity istotnq rolç tego zajwiska i pozwolity one na 
zidentyfikowanie eutrofizacji jako gtównej bariery biogeochemicznej podczas 
nawodnienia badanego obszaru. Dodatkowo stwierdzono, iz sposób uzytkowania gleb 
odgrywa kluczowq rolç, gdyz nawozenie przyczynia siç do akumulacji zwiqzków fosforu 
w glebie. Nastçpnie, na skutek zalania, sq bardzo szybko (nawet w ciqgu tygodnia, 
Rozdziat 2) uruchamiane, co ostatecznie prowadzi do intensywnego rozwoju glonów i 
gatunków roslin preferujqcych wysokq zawartosc fosforu. Jednoczesnie gatunki 
charakterystyczne dla terenów podmoktych zamierajq ze wzglçdu na toksyczne 
dziatanie produktów procesów redukcji oraz na skutek niekorzystnych dla nich 
warunków wód zeutrofizowanych. Z tego powodu odtworzenie naturalnych zbiorowisk 
roslinnych terenów podmoktych nastrçcza najwiçcej trudnosci podczas prób 
renaturalizacji terenów podmoktych.
Kolejnym czynnikiem niesprzyjajqcym renaturalizacji mokradet jest sktad wody 
uzywanej do nawodnieñ. Opady jak i woda rzeczna zawierajq czçsto wiele róznych 
zanieczyszczeñ, które same w sobie, bqdz poprzez interakcjç z innymi pierwiastkami, 
przyczyniajq siç do powstania niekorzystnych warunków odtwarzanych mokradet. 
Doptyw fosforanów (V) prowadzi do eutrofizacji wód, powszechnie zwanej zakwitami, 
powodujqcej zarastanie zbiorników, co stwarza niekorzystne warunki tlenowe dla 
organizmów wodnych (Rozdziat 5). Obecnosc azotanów (V) jest kolejnym czynnikiem 
wptywajqcym na procesy biogeochemiczne na terenach zalewowych. Jest to 
pierwiastek biogenny stymulujqcy wzrost roslin, mogqcy istotnie przyczynic siç do 
akumulacji biomasy. Z drugiej strony, w warunkach zalania, azotany (V) sq szybko 
redukowane na drodze procesu denitryfikacji do form mogqcych miec dziatanie 
toksyczne dla organizmów. Koñcowym produktem redukcji jest azot czqsteczkowy, 
który moze zostac bqdz zasymilowany albo wydzielony do atmosfery. Azotany (V) sq 
jednymi z akceptorów elektronów w procesie respiracji i w sytuacji, gdy sq obecne w 
srodowisku, ulegajq redukcji, przy jednoczesnym braku O2, a mniej korzystne 
energetycznie zwiqzki, (np. zelaza czy manganu) pozostajq unieruchomione, co
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przyczynia siç równiez poSrednio do unieruchomienia frakcji fosforanowej zwiqzanej ze 
zwiqzkami zelaza (III). Siarczany (VI), sq kolejnym czynnikiem odgrywajqcym waznq rolç 
w uruchamianiu fosforanów (V). Obieg siarki w przyrodzie jest Scisle powiqzany z 
obiegiem zelaza i fosforu. Na skutek redukcji siarczanów (VI) powstajq siarczki (II), 
które przyczyniajq siç do redukcji zwiqzków zelaza unieruchamiajqc je, czemu 
towarzyszy uruchamianie fosforanów (V). W  przypadku obecnosci w glebie 
wystarczajqcego stçzenia jonów zelaza (III), mogq one buforowac powstate siarczki 
wiqzqc je w postaci siarczków zelaza (FeSx, piryt). Wolne siarczki (II) nalezq do bardzo 
silnych toksyn i w sytuacji, gdy woda zawiera wysokie stçzenie siarczanów (VI) i 
niewielkie zelaza, zredukowana siarka jest odpowiedzialna za smierc wielu gatunków 
roslin. Kolejnym niekorzystnym czynnikiem, zwiqzanym z redukcjq siarczanów (VI), jest 
tworzenie siç wodorow^glanów, które stanowiq dodatkowe zródto wçgla dla 
mikroorganizmów glebowych i przyczyniajq siç do zwiçkszonego uruchamiania 
zwiqzków biogennych z zalanych gleb oraz alkalinizacji wód (Rozdziat 2, B, S). 
Alkalinizacja wód wywotana poprzez wprowadzenie wody rzecznej lub zabieg 
wapnowania sq nastçpnym czynnikiem sprzyjajqcym przyspieszeniu procesu 
mineralizacji materii organicznej i uruchamiania nadmiarowej ilosci zwiqzków 
biogennych (Rozdziat S). Zwiqzki wapnia i glinu równiez uczestniczq w uruchamianiu 
fosforanów (V), jednak ich trwatosc nie jest uzalezniona od potencjatu redoks w 
przeciwieñstwie do zwiqzków zelaza.
W  przypadku zbiorników eutroficznych, obecnych na obszarze mokradet i 
terenów zalewowych, ich renaturalizacja jest mozliwa poprzez podjçcia kilku dziatañ 
(Rozdziat S). Zaliczamy do nich: zaniechanie dotychczasowego sposobu uzytkowania 
(np. hodowla ryb), zmniejszenie doptywu wody zasilajqcej i umozliwienie bardziej 
naturalnych wahañ poziomu wody w zbiorniku. Wprowadzenie zwiqzków zelaza (III) 
oraz tymczasowe osuszenie osadów dennych moze pomóc u unieruchomieniu 
zwiqzków biogennych na skutek wspótstrqcenia fosforanów (V) z zelazem (III). 
Catkowite osuszenie zbiornika, w celu umozlwienia nautralnego wypetnienia siç go 
wodq gruntowq moze byc równiez pomocne. Jednak przeprowadzone badania (Rodziat 
S) wykazaty, ze w przypadku badaniego zbiornika Bartków tug, nie jest to wtasciwe 
rozwiqzanie, ze wzglçdu na zbyt niski poziom wód gruntowych.
Wptyw powodzi na rosiinnosc
Rosliny wyksztatcity liczne przystosowania, dziçki którym mogq przetrwac niekorzystne 
warunki podczas podtopieñ. Zaliczamy do nich wydtuzanie pçdu ponad powierzchniç 
wody, aby zapewnic mozliwosc fotosyntezy, wytwarzanie tkanki przewietrzajqcej 
(aerenchyma) usprawniajqcej transport gazów wewnqtrz rosliny. W  sytuacji, gdy 
przystosowania te nie sq skuteczne, rosliny sq w stanie przeprowadzac fotosyntezç w 
warunkach zalania. Jednak zaleznie od czasu trwania powodzi, jej czçstosci i gtçbokosci 
zalania, zdolnosc roslin do przetrwania tego stresu jest zróznicowana. W  podobny 
sposób wptywa na niq sktad wody i procesy zachodzqce w glebie. Zaleznie od tolerancji 
roslin na warunki powodziowe ich rozmieszczenie na obszarze rozlewisk ma charakter 
gradientowy - od gatunków tolerancyjnych na zalanie, wystçpujqcych najblizej koryta 
rzeki, po gatunki stabo lub nieprzystosowane na granicy podtopieñ. Porównanie reakcji 
roslinnosci z terenów regularnie zalewanych z gatunkami wystçpujqcymi na terenie 
badanych tqk wykazaty, iz te ostatnie nie posiadajq wystarczajqcych przystosowañ aby
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przetrwaC podtopienia dtuzsze niz B tygodnie (Rozdziat 4). Dalsze badania wykazaty tez, 
ze przyczynq ich wyginiçcia byto nie tylko samo zalanie, ale równiez pogorszenie siç 
biogeochemicznych warunków do wzrostu na skutek eutrofizacji podczas pierwszego 
scenariusza (Rozdziat 2). Wydtuzenie okresu zalania (scenariusz 2) pogtçbito negatywne 
efekty, co wiçcej, byty one szczególnie silne dla roslinnosci pochodzqcej z nawozonej 
tqki, co podkresla istotnq rolç sposobu uzytkowania terenu na r e a k j  gleb i roslinnosci 
wobec zmian warunków hydrologicznych. Jednoczesnie, wyrazny byt równiez 
niekorzystny wptyw na rosliny zanieczyszczenia wody siarczanami (VI). Natomiast 
roslinnosc rosnqca na glebie nienawozonej nie tylko byta w stanie przetrwac warunki 
stresowe, niezaleznie od jakosci wody, a nawet zaobserwowano dodatkowy rozwój 
turzyc, roslin charakterystycznych dla terenów podmoktych (Rozdziat B).
Proponowane rozwiqzania
Przeprowadzone badania dostarczyty wiedzy na temat mozliwych skutków 
proponowanych rozwiqzañ, majqcych na celu zapewnienie bezpieczeñstwa 
przeciwpowodziowego oraz odtworzenia terenów podmoktych na terenie srodkowej 
doliny Wisty, jak równiez dla innych terenów zalewowych narazonych na podtopienia 
w okresie letnim. Gtównym problemem okazata siç eutrofizacja przysztych zbiorników 
na skutek prowadzonych zabiegów rolniczych oraz dziatañ rybackich na badanych 
obiektach. Dodatkowo roslinnosc wystçpujqca na obu tqkach nie byta dostatecznie 
przystosowana do warunków zalania. W  tej sytuacji najlepszym rozwiqzaniem w celu 
potqczenie strategii zapewnijqcych bezpieczeñstwo oraz renturalizacjç, wydaje siç 
wytypowanie obszarów uzytkowanych rolniczo w niewielkim stopniu, albo usuniçcie 
warstwy gleby zawierajqcej zakumulowane biogeny. W  przypadku gleb uzytkowanych, 
jedynym sposobem na zapewnienie optymalnych warunków dla roslinnosci jest 
poprawienie jakosci wody pod wzglçdem zawartosci siarczanów (VI) i azotanów (V). W 
przypadku zbiorników zeutrofizowanych wymgane sq dodatkowe dziatania takie jak 
wprowadzenie soli zelaza w celu obnizenia dostçpnosci fosforanów (V).
Przeprowadzone badania dostarczyty wiedzy na temat zjawisk zachodzqcych na 
terenach podmoktych. Wiedza ta moze byc wykorzystana podczas przewidywania 
konsekwencji podobnych dziatañ podejmowanych na innych obszarach zalewowych 
lub przy analizie strategii dziatañ zwiqzanych z bezpieczeñstwem powodziowym oraz 
renaturalizacjq terenów uprzednio nawodnionych w celu wybrania optymalnego 
rozwiqzania.
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Summaries
Summary fo r floodplain management
Environmental changes in riverine wetlands
Human activities in previous decades led to numerous environmental changes. In 
addition to desiccation of wetlands in order to obtain areas for agriculture, river 
regulation and development of industry and urbanization significantly influenced these 
ecosystem types. Wetlands in floodplains are among those that suffered most. Even 
though they are very productive ecosystems, their biodiversity has been very high for 
ages, partly because of (natural) disturbance due to frequent flooding. As they are very 
fertile, floodplains have always been among the most populated areas around the 
world, even in ancient times.
Floodplains offer many important ecosystem services such as flooding control, 
accumulation of pollutants and nutrients, sediment accretion, erosion control and 
water storage. Humans have heavily changed these areas, making them more and 
more suitable to their needs, which have resulted in a strong habitat decline for many 
plant and animal species. As a result, ecosystem functioning was reduced or lost and 
this, together with pollution, had very negative consequences. In addition, water 
quality of floodplain lakes worsened due to the influx of polluted water from external 
sources (e.g. polluted rivers, surface run-off of pesticides and nutrients from 
agricultural fields). Moreover, the management and use of these lakes changed, e.g. 
because of intensive fish cultivation.
Flooding risks
Flooding, the most important phenomenon of riverine areas, has always been a severe 
problem for local communities. There have been many attempts to decrease flooding 
risks and most of them have been based on the construction of dykes and other 
barriers, in addition to drainage of floodplains to reduce the range of flooding. These 
strategies seemed to be sufficient for many years. The last decades, however, the 
flood events became more severe and common in many areas worldwide and caused 
severe safety problems for people living close to the rivers. Yearly reports show that 
there has been an increasing tendency and intensification of flooding, and modelling 
studies predict a further increase that is probably due to global climate change.
In Poland, flood events used to be most common in spring due to snow melting 
and torrential run-off to the main rivers including the Vistula and Odra. Climate change 
has caused intensification of precipitation, which have significantly contributed to high 
water tables. Currently, however, such events not only take place in spring but also in 
summer. Only a few days of high precipitation are sufficient to cause high river water 
tables that even exceed cautionary levels. The Polish flooding protection system is not 
prepared to such situations, because the majority of the dykes were built during the 
past 100 years and their height is not sufficient to meet current problems. In the 
middle part of the Vistula valley in the province of Lubelskie, for instance, dykes date 
back from the 19th century and are no longer able to provide proper protection. 
Trusting the existing flood protection system has resulted in tragic incidents. The last 
20 years showed the weakness of this system and proved that many additional efforts 
will be needed in order to strongly reduce the risks of flooding and provide proper
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protection for the future. For many years, extreme flooding events occurred along the 
Odra and Vistula Rivers resulting from heavy summer precipitation. In 1997, areas in 
southern and western Poland suffered most, but also parts of Germany, Austria, Czech 
Republic and Slovakia were heavily affected. This event, called the "millennium 
flooding" caused the death of 114 people (of which 56 in Poland) and the economical 
losses amounted to 4.5 billion US dollars (3.5 in Poland). Despite this event, there have 
been no attempts to prevent the occurrence of similar situations in the future. The 
following years showed more or less severe flood events at a higher frequency, both 
during spring and summer. In 2010 there were again catastrophic flood events in 
Poland in spring and summer. Two of them were much more severe than in 1997, after 
strong rains had led to an extreme rise of the water level in the Vistula River, which 
probably was the highest in 160 years. Many cities got flooded (e.g. Cracow, 
Sandomierz) and a large number of dykes broke resulting in the flooding of many 
villages. Warsaw was one of the endangered cities. In the province of Lubleskie 90% of 
the village areas in the region where I conducted my PhD research, was under water. 
The water level of the Odra River was also very high, close to cautionary values. This 
event was a tragedy for many people, as there were 25 casualties and many people 
lost their homes, and the costly restoration of their properties will take much time.
These examples prove that the present system for flood prevention in Poland is 
old and insufficient, and calls for a new approach. The regulation of rivers in the past 
has led to a strong decrease of the total floodplain area that used to store the surplus 
of water during high river discharge. As a result, there is a much faster increase of the 
water table during heavy precipitation events, leading to backflow of surplus water 
from the main river to its tributaries, and breaking of dykes. The situation is different 
for unregulated rivers where floodwater can reach vast adjacent areas. In 2010, for 
instance, flooding consequences of the less regulated Bug River (eastern border of 
Poland) were much less in comparison to those of the rivers Vistula and Odra.
Similar events were observed in Western Europe where strong river regulation 
caused many problems for regional and local communities living in former floodplains. 
New protection strategies have been developed that aim to restore more natural river 
systems by providing more space for the river. They focus on the restoration of old 
riverbeds, dyke replacement (widening of the river bed) and the creation of retention 
zones for temporal or permanent water storage. In this way, these new approaches 
aim to combine different ecosystem services, related to both safety and the 
restoration and conservation of wetlands. These efforts have, however, not always 
been successful in restoring biodiversity, and there is a strong need to determine the 
causes of their failures and to find a way to solve these problems. The failures largely 
seem to relate to changes in soil quality due to changes in land use, and to adverse 
water quality. To be able to enable more successful ecological rehabilitation, it is 
therefore necessary to identify all possible biogeochemical constraints, next to 
dispersal issues, and define ways to eliminate them and be able to propose optimal 
strategies.
Rationale for my thesis
I was very interested in the complexity of these problems and their societal 
implications, and for my thesis I have therefore investigated the biogeochemical and
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biological consequences of summer flooding, and the possibilities for the restoration of 
former floodplains in the middle part of Vistula River (eastern Poland). The research 
was conducted within the framework of a Polish-Dutch cooperation, the programme 
"Integrated water management in the middle Vistula River valley". The research area 
included meadows in the floodplains of the Chodelka River, a tributary of the Vistula 
River where local authorities have planned to construct a water retention area (the 
former floodplain area). Two strategies were considered - the creation of a water 
storage area for high peaks of discharge (scenario 1), and the creation of an area for 
permanent water storage and retention (scenario 2). Two meadows were selected, 
based on their way of cultivation, for mesocosm studies. Collected soil cores including 
their vegetation were flooded under controlled conditions for a certain period of time 
with different water qualities based on field data. I have not only investigated 
biogeochemical processes in these soils, but also responses of the existing plant 
species (Chapter 2 and 3). In addition, I have compared survival rates upon complete 
inundation for species of the tested meadows with those from other species occurring 
in the floodplains of the Vistula River (Chapter 4). The second research location was an 
artificial fish pond called Bartków tug, which is fed by river water from the Chodelka 
River. In addition, measures have been taken to improve fish stock production. The 
aim of this part of my thesis was to determine the possibilities for ecological 
management of this lake aiming at an increase of biodiversity. This study was carried 
out both in the field and in the laboratory (Chapter 5).
Biogeochemical constraints on ecological rehabilitation
The above-mentioned changes in the way of soil cultivation have strongly affected the 
existing vegetation types. Many wetland species disappeared and species preferring 
dryer conditions became dominant. Flooding is a serious problem for such plants and a 
change in soil aeration status can be expected to have drastic consequences for them. 
Soil is a 3-phasic structure consisting of solid particles and free spaces (soil pores) that 
are filled with water and air. Soil inundation leads to saturation of soil pores with 
water and concomitant lower oxygen availability for plants roots and soil 
microorganisms. This is caused by the low diffusion rate of oxygen in water, which is 
10,000 times lower than in the air. The oxygen stocks get exhausted very rapidly, 
resulting in an anaerobic state, leading to a change from oxygen (O2) dependent 
organisms to (facultative or obligate) anaerobic micro-organisms.
Under anoxic conditions plant metabolism switches to less efficient anaerobic 
fermentation which results in growth retardation or even die-off. In addition, microbial 
communities have to be able to use alternative electron acceptors (needed for 
respiration) including oxidized forms of nitrogen, manganese, iron, sulphur or carbon, 
mainly in this sequence due to a decrease in energy generation. When these 
consecutive sources exhaust, the microbial transformations also lead to the production 
of toxic products including sulphide, ammonium/ammonia, and nitrite that increase 
the negative consequences of soil flooding. As these processes advance, soil redox 
potential (Eh), which provides an estimate of soil oxidation and reduction processes, 
decreases. During my research I have monitored this parameter to get a fast indication 
for soil aeration state during inundation and re-oxidation. Soil redox processes also 
depend on substrate availability (electron donors including organic matter) for
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different groups of microorganisms that compete for them. When nitrate is present in 
anaerobic soil (e.g. due to agriculture), microbes able of using this electron acceptor 
will prevail over others and other reduction processes will be hampered. In this way 
redox potential will be buffered, which was confirmed by my experiments (Chapter 2). 
Reduction processes also lead to the production of gases such as nitrous oxide (N2O) 
and methane (CH4). In this way floodplains and other wetlands may increase the 
emission of greenhouse gases.
Soil respiration activity can be defined as the total oxygen demand by the soil or 
the amount of emitted carbon dioxide from the soil to the atmosphere in time. There 
are several factors influencing this process including temperature, soil moisture, soil 
structure, pH, Eh and substrate availability. An increase of temperature boosts 
respiration and other soil processes. For this reason summer floods have more severe 
consequences than winter floods. Field observations confirmed this significant role of 
temperature on soil respiration activity, highlighting the need to determine the 
consequences of summer inundations that have recently become more common in 
Poland.
The change in soil aeration state strongly impacts the biogeochemical cycling of 
elements. One of these elements is phosphorus, which is an important nutrient for 
organisms. It occurs in many forms in soils, and is found in Fe, Mn, Ca and Al minerals 
and organic compounds. During flooding, iron is reduced (Eh<150 mV) resulting in the 
mobilization of the P fraction bound to Fe and an increase in the availability of this 
element. As a result highly productive plant species take over and the trophic state of 
the system may increase even without P input from external sources. This 
phenomenon is called internal eutrophication and has been well documented. My 
research also confirmed the importance of this issue (Chapter 2, 3 and 5) and 
identified internal eutrophication as a constraint on successful combination of flood 
protection and ecological restoration in the research area. Moreover, I have found that 
soil use is a key factor, because fertilization has led to strong P accumulation in the 
soil. Inundation of such highly loaded soils leads to very fast P mobilization (even 
within 1 week, Chapter 2) resulting in luxurious development of algae and highly 
productive plant species. Simultaneously, other species characteristic for wetlands 
may die off due to toxic effects of reduced compounds in combination with 
unfavourable anaerobic conditions after flooding. This constitutes a significant 
constraint on successful restoration of wetland vegetation in former floodplains.
Water quality also appeared to be a key factor for successful restoration of 
riverine wetlands. River water is often polluted which may, directly or indirectly, cause 
negative effects during wet conditions. The influx of phosphate-rich surface water 
causes eutrophication leading to unfavourable conditions for wetland vegetation 
(Chapter 5). The presence of high concentrations of nitrate influences wetlands as 
well, as nitrogen is another important nutrient stimulating vegetation growth. In 
addition, nitrate is reduced very fast to more toxic end products or gaseous nitrogen 
(N2), affecting biomass production and emissions to the atmosphere. As nitrate is a 
more favourable electron acceptor, its reduction hampers the reduction of other 
compounds (e.g. Fe, Mn) and reduces the mobilisation of phosphates from Fe 
compounds. Next to phosphate and nitrate, sulphate (SO42-) in surface water has an 
important effect on wetland biogeochemistry. The cycling of sulphur (S) is closely
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related to the cycles of Fe and P. When sulphate is reduced under anaerobic condition, 
produced sulphide interferes with Fe-P compounds by reducing Fe, which leads to P 
mobilization. If the pool of free iron in soil is sufficient, produced sulphide can be 
sequestered (as FeSx, including pyrite) and P mobilization is hampered. Free sulphide is 
known to be one of the most toxic substances and when there is not enough Fe to bind 
reduced S, this compound can be responsible for die-off of vegetation. Next, 
bicarbonate ions (HCO3) are produced during anaerobic reduction processes (including 
sulphate reduction), which buffers the pH and stimulates mineralization resulting in 
higher nutrient availability and alkalinisation of water (Chapter 2, 3 and 5). Higher 
alkalinity can also originate from external sources, e.g. river water and lime application 
in agricultural lands (Chapter 5). Calcium and aluminium compounds are also 
important for P immobilization, but unlike Fe-compounds, their stability does not 
depend on Eh.
For eutrophic lakes in floodplains, ecological conservation and rehabilitation 
measures (Chapter 5) include the cessation of intensive fish stock production and 
reduction of the input of river water to prevent pollution and allow for more natural 
fluctuations of the water table. Iron addition to the lakes and temporal desiccation of 
sediment may help in nutrient immobilization, by sequestration of phosphate to 
oxidized iron. Complete isolation of the fish lake in my study from the river is not 
suggested because the input of groundwater is too low to fill the lake.
Flooding and plant growth
Plants have developed a number of adaptative mechanisms to cope with unfavourable 
conditions during flooding. They are able to elongate their shoots to restore contact 
with the atmosphere, improve internal gas transport via aerenchyma formation or 
switch to underwater photosynthesis. However, depending on the timing of flooding, 
its frequency and depth, the ability of plants to survive will strongly differ. In addition, 
water quality and soil processes play an important role, as explained above. As a result 
of differential tolerances to flooding, there is a gradient from the most tolerant species 
existing close to the riverbed to the most sensitive species on places that hardly 
become inundated. The comparison between characteristic riparian species from 
floodplains and more terrestrial meadow species showed that the latter group does 
not possess adaptations to survive complete submergence for a period longer than 3 
weeks (Chapter 4). Additional experiments revealed that die-off was also caused by 
unfavourable biogeochemical conditions for the first scenario (Chapter 2). A longer 
period of inundation (scenario 2) strengthens these negative effects and, what is even 
more important, plants on fertilized meadows suffered much more. This emphasises 
the key role of land use on biogeochemistry and vegetation development under 
changed hydrological conditions. In addition, there was clear role of sulphate 
concentrations on vegetation development, as this led to die-off of almost all species 
whilst plants growing on less fertilized meadows were able to survive, even with 
adverse water quality. The latter situation also showed luxurious growth of Carex 
species, which are often characteristic for wetlands and form one of the targets for 
wetland rehabilitation in floodplains (Chapter 3).
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Solutions for floodplain management
All experiments presented in this thesis provide scientific knowledge about the 
consequences of proposed restoration measures related to safety strategies for the 
selected area along the Vistula River, and for river floodplains with summer flooding in 
general. The main constraint appears to be eutrophication as a result of land use and 
water management. Therefore, the best solution for the combination of safety 
strategies and ecological targets would be the selection of areas that had less intensive 
agricultural management, or the removal of the nutrient-rich top-soil in intensively 
cultivated areas. In addition, especially for the latter areas, flooding water quality 
needs to be improved in terms of phosphate, sulphate and nitrate. For eutrophic lakes, 
additional measures such as iron addition for in situ phosphate stripping may be 
required.
My thesis provides ecological knowledge about the driving biogeochemical 
processes in floodplains, which can be used for the prediction of the consequences of 
different management strategies combining safety and ecological rehabilitation, and to 
define optimal, evidence-based choices (decision support).
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Summaries
Samenvatting, gericht op het beheer van overstromingsvlakten langs 
rivieren
Milieuveranderingen in wetlands langs rivieren
Menselijke activiteiten hebben, vooral in de laatste decennia, geleid tot grote 
milieuveranderingen. Naast verdroging en ontginning ten behoeve van de landbouw, 
hebben de vergaande regulering van de rivieren, ontwikkeling van industrie en 
verstedelijking zeer ingrijpende gevolgen gehad voor de wetlands in het 
rivierengebied. Ondanks het feit dat deze ecosystemen zeer productief waren, was 
hun biodiversiteit in het verleden toch erg hoog, wat deels te verklaren is door de 
natuurlijke verstoring bij overstromingen. Omdat de bodem zeer vruchtbaar is in 
uiterwaarden en overstromingsvlakten, zijn deze gebieden al van oudsher zeer dicht 
bevolkt.
Uiterwaarden en overstromingsvlakten leveren belangrijke maatschappelijke 
diensten, zogeheten ecosystem services, waaronder bescherming tegen overstroming, 
opslag van verontreinigingen en meststoffen, aanwas van sediment, bescherming 
tegen erosie en wateropslag. De mens heeft deze gebieden sterk veranderd door ze 
aan te passen aan zijn behoeften, waardoor de leefgebieden van planten en dieren in 
het gedrang kwamen. Hierdoor verloren de gebieden ook een groot deel van hun 
ecosystem services. Daarnaast werden plassen, kolken en strangen verontreinigd door 
aanvoer van oppervlaktewater van slechte kwaliteit (rivierwater, afspoeling van water 
met pesticiden en meststoffen). In veel gevallen werden plassen bovendien intensief 
gebruikt, in Centraal Europa bijvoorbeeld voor visteelt.
Overstromingsrisico's
Een van de belangrijkste kenmerken van rivierengebieden is het optreden van 
overstromingen. Dit heeft voor de bevolking altijd risico's opgeleverd, en er zijn allerlei 
maatregelen genomen om dit risico in te perken. Er werden dijken aangelegd, en de 
natte delen van de uiterwaarden werden gedraineerd. Deze aanpak leek vele jaren 
afdoende. De laatste decennia is het aantal overstromingen per jaar en de ernst 
daarvan echter steeds verder toegenomen in veel gebieden op aarde, waardoor er 
grote problemen zijn ontstaan met betrekking tot de veiligheid in het rivierengebied. 
Modelstudies voorspellen voor een aantal regio's, waaronder Centraal Europa, een 
verdere toename die zeer waarschijnlijk samenhangt met de mondiale 
klimaatverandering.
In Polen waren voorjaarsoverstromingen altijd al zeer algemeen door het smelten 
van ijs en piekafvoeren in grote rivieren als de Vistula (Weichsel) en de Odra (Oder). 
Door klimaatverandering is de hoeveelheid neerslag toegenomen, waardoor de 
waterstanden verder toegenomen zijn. De laatste jaren vinden deze piekafvoeren niet 
uitsluitend meer in het voorjaar plaats, maar ook in de zomer. Slechts een paar dagen 
hevige regen is genoeg om het peil in de rivieren boven het alarmeringsniveau te laten 
stijgen. Het Poolse systeem om ernstige overstromingen te voorkomen, voldoet 
daarmee niet langer. In het middengedeelte van het Vistula-dal in de provincie Lublin 
stammen de dijken bijvoorbeeld nog uit de negentiende eeuw, en voldoen ze bij lange 
na niet aan de huidige eisen. Het bestaande vertrouwen in deze oude en zwakke dijken
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heeft geleid tot een aantal tragische incidenten in de afgelopen twintig jaar. Het is 
duidelijk dat er nieuwe maatregelen getroffen moeten worden om het 
overstromingsrisico drastisch in te perken en de veiligheid in de toekomst te kunnen 
waarborgen. Er vinden al vele jaren extreme overstromingen plaats langs de Odra en 
de Vistula als gevolg van hevige zomerregens. In 1997 werden gebieden in het zuiden 
en westen van Polen het zwaarst getroffen, maar ook delen van Duitsland, Oostenrijk, 
Tjechië en Slowakije hadden hevig te lijden. Deze ramp, die de 'millenniumvloed' 
wordt genoemd, eiste 114 doden (van wie 56 in Polen) en de economische strop werd 
geraamd op maar liefst 4,5 miljard Amerikaanse dollar (3,5 miljard in Polen). Ondanks 
deze gebeurtenis zijn er geen maatregelen getroffen om vergelijkbare situaties in de 
toekomst te voorkomen. In de daarop volgende jaren vonden opnieuw dergelijke 
overstromingen plaats met een hogere frequentie, zowel in het voorjaar als in de 
zomer. In 2010 waren er weer catastrofale overstromingen in Polen, in beide 
jaargetijden. Twee daarvan waren ernstiger dan in 1997; hevige regenval zorgde voor 
een extreem hoog waterpeil in de Vistula, waarschijnlijk het hoogste in 160 jaar. Veel 
steden (o.a. Krakow en Sandomierz) raakten overstroomd en door dijkdoorbraken 
werden veel dorpen overspoeld. Warschau was een van de steden die bedreigd 
werden. In de provincie Lublin stond 90% van het platteland, in de regio waar ik 
onderzoek gedaan heb, onder water. Het waterniveau in de Oder was ook erg hoog, 
dicht bij het alarmeringspeil. Deze overstroming was een tragedie voor veel mensen, 
vanwege 25 doden en vanwege het feit dat een groot aantal mensen zijn huis verloren 
had. Er is veel tijd en geld nodig voor de wederopbouw.
Deze voorbeelden laten zien dat de huidige bescherming tegen overstromingen 
ouderwets en ontoereikend is, en vraagt om een nieuwe aanpak. De regulering van de 
rivieren heeft geleid tot een drastische afname van het areaal van de 
overstromingsvlakten die in het verleden het overschot aan water opvingen tijdens 
piekafvoer. Hierdoor stijgt het waterpeil veel sterker tijdens hevige regenval, waardoor 
water in de zijrivieren opgestuwd wordt en dijken breken. Bij minder gereguleerde 
rivieren, waar het wateroverschot verdeeld wordt over een grotere oppervlakte, is de 
situatie geheel anders. In 2010 waren de gevolgen van overstroming bij de minder 
gereguleerde rivier de Bug (oostgrens van Polen) veel geringer dan bij de Vistula en de 
Odra.
Vergelijkbare problemen ontstonden ook in West-Europa, waar sterke regulering 
van de rivieren eveneens steeds meer gevaar opleverde voor de bevolking in de 
voormalige overstromingsvlakten. Hier is echter een nieuwe beveiligingsstrategie 
gekozen, gericht op het herstel van meer natuurlijke rivierssystemen met meer ruimte 
voor de rivier. Deze richt zich op het herstel van oude rivierbeddingen, dijkverplaatsing 
(verbreding van de stroomgeul) en het instellen van bergings- en retentiegebieden 
voor water. Op deze wijze wordt getracht om verschillende functies (ecosystem 
services) te combineren, gericht op zowel veiligheid als herstel en behoud van 
wetlands. Deze inspanningen zijn echter niet altijd succesvol gebleken met betrekking 
tot biodiversiteitherstel, en er bestaat daarom grote behoefte aan onderzoek naar de 
oorzaken voor dit uitblijven van herstel en het vinden van oplossingen. Het mislukken 
lijkt sterk samen te hangen met de gewijzigde bodemkwaliteit door veranderingen in 
het landgebruik en met de slechte waterkwaliteit. Voor meer succesvol ecologisch 
herstel is het noodzakelijk om alle mogelijke biogeochemische problemen in kaart te
Summaries
128
brengen naast dispersiegerelateerde factoren, deze problemen op te lossen en 
optimale beheersstrategieën te ontwikkelen.
Motivering van mijn proefschrift
Ik was erg geïnteresseerd in complexiteit van deze problemen en hun 
maatschappelijke gevolgen. Daarom heb ik voor mijn proefschrift de biogeochemische 
en biologische gevolgen van zomeroverstroming onderzocht in het middengedeelte 
van de Vistula (in het oosten van Polen). Het onderzoek vond plaats binnen het kader 
van een Pools-Nederlands samenwerkingsprogramma, getiteld "Integraal waterbeheer 
in het middenstroomgebied van de Vistula". Het onderzoeksgebied betrof weilanden 
in de overstromingsvlakte van de rivier de Chodelka, een zijrivier van de Vistula. De 
lokale overheden hebben in deze vlakte een waterbergingsgebied gepland. Er worden 
twee opties overwogen: een overlaatgebied voor piekbergingen (scenario 1) en een 
permanent waterbergingsgebied (scenario 2). Er werden twee weilanden geselecteerd, 
op grond van verschillen in landgebruik, voor een zogeheten mesokosmos-onderzoek. 
Er werden hiervoor bodemkernen met vegetatie verzameld, die onder gecontroleerde 
omstandigheden overstroomd werden met verschillende waterkwaliteiten (gebaseerd 
op de veldsituatie) gedurende verschillende perioden. Ik heb niet alleen de 
biogeochemische processen in de verschillende bodemtypen onderzocht, maar ook de 
respons van de plantensoorten die erop voorkwamen (Hoofdstuk 2 en 3). Bovendien 
heb ik de overleving van deze soorten vergeleken met andere soorten die in de 
overstromingsvlakte van de Vistula voorkomen (Hoofdstuk 4). De tweede 
onderzoekslocatie was een kunstmatige meer, Bartków tug, dat gebruikt wordt voor 
visteelt en gevoed wordt met water uit de Chodelka. Het doel van dit deel van mijn 
proefschrift was om de mogelijkheden voor ecologisch beheer, gericht op een 
toename van de biodiversiteit te onderzoeken. Het onderzoek vond zowel in het veld 
als in het laboratorium plaats (Hoofdstuk 5).
Biogeochemische knelpunten bij ecologische restauratie
Bovengenoemde veranderingen in het landgebruik hebben een groot effect gehad op 
de vegetatie. Veel wetlandsoorten verdwenen en soorten met een voorkeur voor 
drogere omstandigheden gingen domineren. Voor deze soorten is overstroming een 
groot probleem, onder andere door veranderingen in de zuurstofbeschikbaarheid in de 
bodem. Bodem bestaat uit vaste deeltjes en holten die met water of lucht gevuld 
kunnen zijn. Overstroming leidt tot verzadiging van deze holten met water en hierdoor 
tot een lagere beschikbaarheid van zuurstof voor plantenwortels en micro-organismen 
in de bodem. Dit komt door de lage diffusiesnelheid van zuurstof in water, die 10.000 
maal lager is dan in lucht. De zuurstofvoorraad raakt snel uitgeput, waardoor 
anaerobie ontstaat en microbiële gemeenschappen veranderen van 
zuurstofafhankelijk naar (facultatief of obligaat) anaeroob.
Onder anoxische omstandigheden stappen planten over op een minder efficiënt 
anaeroob metabolisme, wat leidt tot vertraagde groei of zelfs tot afsterven. Micro- 
organismen moeten in staat zijn om alternatieve electronacceptoren, zoals 
geoxideerde vormen van stikstof, mangaan, ijzer, zwavel en koolstof, te gebruiken om 
in hun energiebehoefte te voorzien. Wanneer deze stoffen door micro-organismen 
successievelijk omgezet worden, worden daarbij ook toxische stoffen geproduceerd
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zoals sulfide, ammonium/ammoniak en nitriet. De redoxpotentiaal (Eh) van de bodem, 
een maat voor de voorkomende redoxreacties, daalt hierbij steeds verder. Bij mijn 
onderzoek heb ik deze parameter gebruikt om een snelle indruk te krijgen van de 
beluchtingstoestand van de bodem gedurende overstroming en verdroging. De 
redoxprocessen zijn ook afhankelijk van de beschikbaarheid van voldoende substraat 
(electrondonoren) zoals verschillende organische stoffen afkomstig uit organisch 
materiaal. Verschillende groepen micro-organismen concurreren om dit substraat. Als 
er in een anaerobe bodem veel nitraat beschikbaar is (bijvoorbeeld door landbouw), 
zullen organismen die deze electronacceptor kunnen gebruiken, gaan domineren en 
zullen energetisch minder gunstige processen geremd worden. Dit zorgt voor 
redoxbuffering, zoals ook te zien was in mijn experimenten (Hoofdstuk 2). De 
reductieprocessen in wetlands kunnen ook leiden tot de uitstoot van broeikasgassen 
als lachgas (N2O) en methaan (CH4).
Aerobe bodemrespiratie kan gedefinieerd worden als het totale zuurstofgebruik 
in de bodem, of de emissie van kooldioxide naar de atmosfeer, per tijdseenheid. Dit 
proces wordt sterk gestuurd door temperatuur, bodemvochtigheid, pH, Eh en de 
beschikbaarheid van substraat. Omdat microbiële bodemprocessen versneld worden 
door temperatuurverhoging, heeft zomeroverstroming veel sterkere effecten dan 
winteroverstroming. Veldmetingen lieten dit ook zien en gaven aan dat het erg 
noodzakelijk is om de gevolgen van overstromingen in de zomer, die steeds algemener 
worden in Polen, goed te onderzoeken.
De verandering in bodemaeratie hebben grote gevolgen voor de 
biogeochemische elementenkringloop. Een van deze elementen is fosfor, dat een 
belangrijke voedingsstof vormt voor organismen. Het komt in veel verschillende 
vormen voor in de bodem, gebonden aan ijzer-, mangaan-, calcium- en 
aluminiummineralen, en aan organische verbindingen. Tijdens overstroming wordt 
ijzer gereduceerd (Eh<150 mV) waarbij een deel van het aan ijzer gebonden fosfor 
gemobiliseerd wordt en beschikbaar komt. Dit kan leiden tot een sterke toename van 
hoogproductieve plantensoorten. Omdat de trofiegraad van een systeem hierbij 
toeneemt zonder extra aanvoer van voedingsstoffen van buiten, wordt dit proces 
interne eutrofiëring genoemd. In mijn onderzoek heb ik laten zien dat dit een zeer 
belangrijk proces is (Hoofdstuk 2, 3 en 5) en heb ik aangegeven dat dit een belangrijke 
beperking vormt voor de combinatie van veiligheidsmaatregelen en ecologisch herstel. 
Daarnaast ontdekte ik dat het bodemgebruik een sleutelfactor was, omdat bemesting 
geleid heeft tot sterke accumulatie van fosfaat. Bij vernatting kwam dit fosfaat zeer 
snel vrij (zelfs binnen een week, Hoofdstuk 2) waardoor er algenbloei optrad en 
snelgroeiende planten in het voordeel waren. Tegelijkertijd gingen ook karakteristieke 
wetlandsoorten dood vanwege toxische effecten van gereduceerde stoffen, in 
combinatie met zuurstofgebrek. Ook dit bleek een belangrijk knelpunt te zijn voor 
succesvol herstel van wetlandvegetaties in voormalige overstromingsvlakten.
Ook voor de waterkwaliteit was een sleutelrol weggelegd. Rivierwater is vaak 
verontreinigd, wat direct of indirect tot complicaties kan leiden. Fosfaatrijk water leidt 
tot eutrofiëring met directe effecten voor de vegetatie (Hoofdstuk 5). Ook 
nitraataanvoer heeft een grote invloed, omdat dit ook een nutriënt is en omdat de 
verbinding omgezet wordt in toxische producten en stikstofgas. Omdat nitraat een 
gunstigere electronacceptor is, wordt de reductie van andere elementen (o.a. ijzer en
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mangaan) geremd, waarbij ook de mobilisatie van fosfaat van ijzerverbindingen 
geremd wordt. Behalve fosfaat en nitraat heeft ook sulfaat (geoxideerd zwavel) 
belangrijke effecten op de biogeochemie van wetlands. De zwavelkringloop is nauw 
verbonden met die van ijzer en fosfor. Wanneer sulfaat wordt gereduceerd onder 
anaerobe omstandigheden, mobiliseert het geproduceerde sulfide fosfaat van ijzer- 
fosfaatcomplexen, wat leidt tot fosfaatmobilisatie naar de waterlaag. Zolang de 
beschikbaarheid van vrij ijzer voldoende is, wordt sulfide gebonden aan ijzer (waarbij 
ijzersulfiden als pyriet worden gevormd) en wordt de mobilisatie van fosfaat geremd. 
Vrij sulfide is een van de giftigste stoffen, en bij een lage ijzerbeschikbaarheid kan de 
ophoping van deze stof leiden tot het afsterven van vegetatie. Verder wordt er bij alle 
anaerobe reductieprocessen alkaliniteit gegenereerd, dat voor pH-buffering zorgt en 
daardoor de mineralisatie stimuleert. Dit kan leiden tot een hogere beschikbaarheid 
van nutriënten en alkalinisering van de waterlaag (Hoofdstuk 2, 3 en 5). Verhoging van 
de alkaliniteit kan echter ook optreden door aanvoer van hard rivierwater en door 
bekalking van landbouwgronden (Hoofdstuk 5). Calcium- en aluminiumverbindingen 
zijn ook belangrijk voor de binding van fosfaat, maar hun stabiliteit is niet 
redoxgevoelig.
Voor eutrofe meren in overstromingsvlakten is het bij beheers- en 
herstelmaatregelen (Hoofdstuk 5) noodzakelijk om eventuele visteelt te staken, de 
aanvoer van vervuild rivierwater te minimaliseren en een meer natuurlijk waterpeil toe 
te staan. IJzeradditie en tijdelijke droogval kunnen daarbij helpen, doordat fosfaat 
gebonden wordt aan geoxideerd ijzer. Bij het door mij onderzochte meer was 
complete isolatie van de rivier echter geen optie, omdat de aanvoer van grondwater 
onvoldoende was.
Overstroming en plantengroei
Planten beschikken over een aantal aanpassingen om ongunstige omstandigheden 
tijdens overstroming aan te kunnen. Ze kunnen hun spruit verlengen waarbij het 
contact met de atmosfeer hersteld wordt, het interne gastransport verbeteren door de 
vorming van aerenchym, of overschakelen op onderwaterfotosynthese. Afhankelijk 
van het tijdstip, de frequentie en de diepte van overstroming zal de overleving van 
planten sterk variëren. Daarnaast spelen ook de waterkwaliteit en bodemprocessen 
een belangrijke rol, zoals hierboven uiteengezet. Als gevolg van de 
tolerantieverschillen met betrekking tot overstroming is er een gradiënt zichtbaar van 
overstromingstolerante soorten bij de rivier naar overstromingsgevoelige soorten op 
plaatsen die nauwelijks overstroomd worden. De vergelijking tussen soorten van 
locaties met wisselende waterstanden in uiterwaarden en meer terrestrische soorten 
in weilanden liet zien dat de laatste groep geen adaptatiemechanismen had om 
volledige overstroming langer dan drie weken te kunnen overleven (Hoofdstuk 4). 
Aanvullende experimenten toonden aan dat het afsterven ook te maken kan hebben 
met ongunstige biogeochemische omstandigheden bij scenario 1 (Hoofdstuk 2). 
Langdurige inundatie (scenario 2) versterkt deze negatieve effecten, vooral bij zwaar 
bemeste bodems. Dit laat dus duidelijk zien dat landgebruik een sleutelrol speelt in 
zowel biogeochemische veranderingen als vegetatieveranderingen bij gewijzigde 
hydrologie. Bovendien was er een sterk bijkomend effect van sulfaatverrijking op de 
vegetatieontwikkeling, aangezien hierbij vrijwel alle planten afstierven. Op minder
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bemeste bodems overleefden deze planten het echter wel, zelfs bij een slechte 
waterkwaliteit. Hierbij ontwikkelden zich ook zeggenvegetaties die karakteristiek zijn 
voor wetlands en een van de doelvegetaties voor ecologisch herstel van 
overstromingsvlakten vormen (Hoofdstuk 3).
Oplossingen voor het beheer van overstromingsvlakten
De experimenten beschreven in dit proefschrift geven wetenschappelijk inzicht in de 
gevolgen van voorgestelde herstelmaatregelen, gekoppeld aan veiligheid in het 
onderzochte gebied langs de Vistula, maar kunnen ook vertaald worden naar 
overstromingsvlakten van rivieren in het algemeen. Het grootste knelpunt blijkt 
eutrofiëring te zijn als gevolg van landgebruik en waterverontreiniging. Om deze reden 
ligt de oplossing voor een combinatie van veiligheid en ecologische doelen in de keuze 
van bergings- en overloopgebieden op plaatsen waar minder intensief landbouw 
bedreven is, of in het verwijderen van de nutriëntenrijke toplaag op locaties met 
intensieve bemesting in het verleden. Bovendien, en zeker voor de laatstgenoemde 
locaties, dient de waterkwaliteit verbeterd te worden met betrekking tot fosfaat, 
sulfaat en nitraat. Bij eutrofe meren kunnen extra maatregelen nodig zijn, zoals het 
toedienen van ijzer om in situ fosfaat te binden.
Mijn proefschrift levert ecologische kennis over de sturende biogeochemische 
processen in overstromingsvlakten, die gebruikt kan worden voor de voorspelling van 
de uitkomsten van verschillende beheersstrategieën gericht op de combinatie van 
veiligheid en ecologisch herstel. Daarnaast kan hiermee op wetenschappelijk 
onderbouwde wijze een afweging gemaakt worden tussen de verschillende 
beheerskeuzen (beslissingsondersteuning).
Summaries
132
Acknowledgements
Carrying out a PhD study, especially in a foreign country, is a big challenge. One needs 
to cope not only with scientific problems but also with cultural and social differences. 
In addition, working in two countries leads to a lot of travelling, and time pressure is 
something one needs to learn to deal with. There are many tasks such as literature 
screening, planning, designing, field and lab work, sample processing, data analysis and 
finally writing. Taking into account all these tasks, it is hardly possible to do this 
without any help. The output, this book, would not have been possible without the 
help of many people who were involved. In this section I would like to thank all of 
them who helped me in any way to successfully reach the final step - getting my thesis 
ready.
I will start in chronological order; this thesis would not have been there if Professor 
Toine Smits would not have met Professor St^pniewska during a conference in Poland. 
After this meeting they both planned to start a co-operation between both Universities 
involved. It eventually led to the nomination of 4 PhD candidates who had to start 
their PhD research within the framework of one programme. I would like to thank you, 
Toine, for this opportunity and I am glad that it resulted in this thesis. I also got the 
opportunity to present our programme (together with other people involved) to His 
Royal Highness Prince Willem-Alexander, which was a great honour for me. You have 
also helped me to take my first steps in the Netherlands and supported me during 
difficult times. I am very grateful for this, Toine.
Professor Zofia St^pniewska is my supervisor (promoter), and head of our department 
in Poland. I would like to thank you for your trust in me and for choosing me as a 
proper PhD-candidate for this project. You are also the person who has introduced me 
to the mysterious world of science and has taught me how to explore it. I am very 
grateful for everything I have learnt at my department in Poland. I also want to 
acknowledge our dear Professor Riccardo Bennicelli who sadly passed away one year 
ago. He was also involved in this project and gave me a lot of advice during my work in 
Poland. My first scientific paper was written under his guidance. Grazie Riccardo.
Next, I would like to say something to my Dutch supervisors, Professor Jan Roelofs 
(promoter) and Dr Leon Lamers (co-promoter) from the Department of Aquatic 
Ecology & Environmental Biology. Jan, it was a great honour to be a member of your 
department and you taught me new things about biogeochemistry, in particular about 
internal eutrophication. It was a new concept to me and now I can take part of your 
knowledge back to Poland and share this with other people. Thank you very much for 
all our talks, your advice and comments, all help and the opportunity to work at your
133
department. In addition, it would not have been possible to finish this PhD without all 
additional time you offered me. Leon, there is so much I owe you. Your supervision 
was brilliant and I have learnt a lot. Your door was always open when I had questions 
and problems to discuss. You were always able to explain me everything and gave so 
much advice. I really enjoyed our talks and all activities in which I could take part. You 
have encouraged me to join a number of courses, lectures and conferences. In 
addition, you helped me with other things not necessarily related to my PhD work. I 
would also like to thank you for your help with organizing things related to the 
preparation of my manuscripts, this book and my PhD defence. You are the best 
supervisor one can have. Dank je wel.
I would also like to express my special acknowledgements to Jeroen Geurts. He is my 
best Dutch friend; we did a lot of things together. Jeroen, thank you very much for 
teaching lab and fieldwork, different analyses and ways of dealing with experiments. 
Of course, I enjoyed our social activities as well. It was nice to learn more about the 
Dutch kitchen and Dutch life, and to watch some matches of NEC. I also would like to 
thank your wife, Susan for being a guest in your house. All of this made my life in 
Nijmegen much easier. I also got advice and help from other PhD students at our 
department: Marjolijn Christianen, José van Diggelen, Christian Fritz, Tjisse van der 
Heide, Monique van Kempen, Roos Loeb, Cristina Pulido Pérez, Peter Spierenburg and 
Marlies van der Welle, thank you all for this. Marjolijn and Christian - it was nice to 
join our PhD meetings and discuss about all issues that came up.
Veel van mijn werk was een heel stuk makkelijker door de hulp van een aantal 
geweldige analisten en technisch assistenten; ik wil jullie hierbij hartelijk bedanken 
voor jullie onmisbare hulp! Het was altijd plezierig om jullie kamer te bezoeken en met 
jullie en met Rhinus te praten ©. Germa Verheggen en Martin Versteeg, jullie hielpen 
me om al het noodzakelijke onderzoeksmateriaal te regelen. Bovendien heb jij, Germa, 
samen met Roy Peters een groot aantal monsters voor me geanalyseerd zodat ik me 
kon focussen op het schrijven. Martin, hartstikke bedankt voor al jouw hulp bij het 
voorbereiden van de experimenten, vooral ook met het maken van de aquaria. Je hebt 
ook maar al te vaak mijn oude, kapotte fiets moeten repareren. Dank je wel! Ik wil hier 
ook Roy speciaal bedanken. Roy, je hebt me heel erg geholpen met mijn tweede 
experiment en (samen met Roos) ervoor gezorgd dat dit gewoon door kon lopen toen 
ik in Polen was. Roy, je hebt geweldig werk geleverd en we hebben nu een mooi artikel 
hierover gepubliceerd. Bovendien heb je mij, samen met Jan, Leon en Jeroen, erg 
geholpen bij het veldwerk in Polen (Bartków tug Meer). En last, but not least, wil ik 
graag Jelle Eygensteyn van het Gemeenschappelijk Instrumentarium noemen. Jelle, 
bedankt voor al jouw hulp bij de elementenanalyses.
Acknowledgements
134
During my thesis work I also got support from people working at B-WARE Research 
Centre (a spin-off company of the Department of Aquatic Ecology and Environmental 
Biology at the Radboud University). I would like to thank Emiel Brouwer for the 
identification of a number of plant species, Esther Lucassen and Fons Smolders for 
numerous suggestions related to my experiments, and the lab technicians Jeroen 
Graafland and Rick Kuiperij for their help with sample analyses and for moving my 
experiment to the greenhouse. And last, but not least, Mr Bert Hennipman, previous 
director of B-WARE, thank you for all your kindness and advice.
During our project we have bridged two departments in Nijmegen: Aquatic Ecology & 
Environmental Biology, and Experimental Plant Ecology. I am very happy that I got 
additional knowledge and advice from the "plant-people". First I would like to thank 
Professor Hans de Kroon. Hans, thank you for all your advice and support. I also really 
enjoyed the activities for people at your department and their relatives. I was glad to 
visit your home and to be able to meet your family. I would also like to express my 
special acknowledgements to Dr Eric Visser, whom I also owe so much. Eric, you were 
my second daily supervisor and you helped me a lot when it was necessary. I used a lot 
of your knowledge in my research project and have learnt so much about plants and 
their physiology. I also have some words for Werner van Eck, who helped me collecting 
and transporting the experimental sods from Poland to the Netherlands. Thank you, 
Werner, for this. I would like to thank Harry van de Steeg and Gerard Bogemann for 
the identification of plants present in the field and in the experiments. I am also glad 
about all talks with and support from other people: Hannie de Caluwe, Annemiek Smit- 
Tiekstra and other people and former members from the Department of Experimental 
Plant Ecology. Here, I would also like to thank Mr Gerard van der Weerden, head of the 
Experimental Garden and Genebank of the Radboud University. I thank you and your 
staff (especially Yvette Evers, Harry van Zuijlen and Walter Hendrickx) for your help 
when I conducted my experiment in the greenhouse.
Ik wil hier ook speciaal José Broekmans, José Adema en Peter Charpentier danken, 
voor al jullie administratieve regelwerk dat samenhing met mijn verblijf in Nijmegen. 
José B., ik dank je zeer voor jouw vriendelijkheid, hulp en steun, met name gedurende 
het laatste jaar. Ik ben ook erg blij dat ik in fijne appartementen in Nijmegen heb 
kunnen wonen, vooral in het huis van Ineke en Bert Broekkamp. Ik wil ook graag de 
mensen van het International Office van de universiteit bedanken voor hun hulp.
I am also very glad that I had the possibility to talk to people from other departments 
during our coffee breaks, which certainly extended my knowledge about science and 
about the Netherlands. I would like to thank all people for the social activities during 
these past 5 years. Especially, I would like to acknowledge my roommates Bart Pollux, 
Xin Chen, Marco Visser, Mathias Igulu and Ismael Kimirei for our interesting talks. It
Acknowledgements
135
was a nice opportunity for me to get to know other cultures, not only the Dutch but 
also the Chinese and the Tanzanian.
Chciatbym równiez podziçkowac wielu osobom z Polski, którzy mieli swój wktad w 
niniejsze badania. Oprócz mnie w naszym projekcie byty zaangazowane jeszcze B 
osoby: Kasia Banach, Agnieszka Huñka i Marta Wozniak. Razem rozpoczçlismy naszg 
przygodç w Holandii, choc kazde z nas w innej katedrze. Dziçkujç za wspólnie spçdzony 
czas i pomoc. Dziçkujç kolezankom i kolegom z pracy za pomoc w realizacji badañ, za 
rady i zastgpienie mnie w moich obowigzkach, gdy nie byto mnie w Polsce. Szczególnie 
chciatbym podziçkowac Ani Sochaczewskiej i Andrzejowi Górskiemu za udziat w 
wyjazdach terenowych i dopilnowanie prac w terenie oraz analizy laboratoryjne. 
Niezbçdna tez byta pomoc pana Kazimierza Chrzanowskiego, kierowcy 
uniwersyteckiego, który nie tylko transportowat nas w teren badañ ale zawsze 
pomagat w pracach polowych. Dziçkujç rolnikom z Kosiorowa za udostçpnienie ich tgk 
do badañ i umozliwienie poboru materiatu, panu Zygmuntowi Daczka i jego 
wspótpracownikom za mozliwosc przeprowadzenia badañ na stawie Bartków tug.
Chciatbym tez podziçkowac za pomoc i wsparcie przyjaciotom, którzy byli ze mng przez 
ten bardzo pracochtonny czas, czasem trudny i mçczgcy. Ich obecnosc pozwolita mi 
ustac na nogach i isc dalej mimo przeciwnosci losu. Szczególnie dziçkujç Ani, Eli, 2 
Kasiom, Pawtowi, Jarkowi, Andrzejowi i 2 Tomkom za ciekawe rozmowy i wsparcie ©.
Na koniec dziçkujç catej mojej rodzinie, za pomoc i wsparcie, za to ze byliscie i 
jestescie. Cioci Eli za doszlifowanie polskiego tekstu, Kasi i jej rodzicom za ogromng 
pomoc w realizacji badañ i zyciu codziennym w ciggu tych minionych lat. I na koniec 
moim rodzicom, za to, ze byli, pomagali, wierzyli i wspierali mnie przez ten caty czas. 
Dziçkujç Mamo i Tato.
Finally, I would like to thank all people who supported me during difficult moments in 
my life. You really are good people that one can count on. I am very grateful for your 
kindness and help.
Acknowledgements
1B6
Curriculum Vitae
Artur Marek Banach was on born on April 8th, 1976 in Lublin (Poland). Already at 
primary school, he was most interested in biology and chemistry and attended 
additional courses to extend his knowledge about both topics.
After this, he opted for a 'chemical pathway' attending the Chemical Secondary School 
where he learnt much about chemistry related to environmental issues, and gained 
many skills to carry out laboratory work. At the end of High School he understood that 
there were many problems related to ecosystem management and environmental 
protection. This led him to choose, in 1997, for the Catholic University of Lublin (now 
the John Paul II Catholic University of Lublin) as an institute to study environmental 
problems not only from an "engineering" point of view but, more importantly, also 
from a humanistic point of view.
At the university he not only studied biology, ecology, (bio)chemistry, ecotoxicology, 
and physiology of plants and animals, but also philosophy of nature which helped him 
to understand the values of nature that needed to be saved for future generations. In 
2002 he wrote his MSc Thesis about the role of the aquatic fern Azolla in 
phytoremediation of toxic heavy metals. In the same year he was offered a position at 
the University so he could continue his work on Azolla. During the first 2 years he 
conducted a number of experimental studies that were published and presented at 
several conferences.
In 2004, a new opportunity was offered when Professor Toine Smits from the Radboud 
University Nijmegen (the Netherlands) visited Lublin. This meeting resulted in the start 
of the biggest adventure in his life - an international and interdisciplinary PhD Project 
related to riverine flooding and biogeochemical problems related to this. During the 
next 5 years his life was split up into two lives in 2 countries, carrying out his PhD 
project both in Poland and in the Netherlands. During this time he conducted field 
work in Poland and performed laboratory experiments at the Department of Aquatic 
Ecology and Environmental Biology (Radboud University Nijmegen) supervised by 
Professor Jan Roelofs and Dr Leon Lamers, in co-operation with Professor Hans de 
Kroon and Dr Eric Visser from the Department of Plant Experimental Ecology (Radboud 
University Nijmegen). In 2010, the PhD Thesis was finalized.
Artur currently works as a lecturer (permanent position) at the Department of 
Biochemistry and Environmental Chemistry of the John Paul II Catholic University of 
Lublin.
137

List of publications
Articles
1. J.J.M. Geurts, A.J.P. Smolder, A.M. Banach, J.P.M. van de Graaf, J.G.M. Roelofs, 
L.P.M. Lamers: The interaction between decomposition, net N and P 
mineralization and their mobilization to the surface water in fens. Water Research, 
2010, 44(11): 3487-3495.
2. A.M.Banach, K. Banach, R.C.J.H. Peters, R.H.M. Jansen, E.J.W. Visser, Z. 
Stçpniewska, J.G.M. Roelofs, L.P.M. Lamers: Effects of long-term flooding on 
biogeochemistry and vegetation development in floodplains; a mesocosm 
experiment to study interacting effects of land use and water quality. 
Biogeosciences, 2009, 6: 1-15.
3. A.M. Banach, K. Banach, E.J.W. Visser, Z. Stçpniewska, A.J.M. Smits, J.G.M. 
Roelofs, L.P.M. Lamers: Effects of summer flooding on floodplain biogeochemistry 
in Poland; implications for increased flooding frequency. Biogeochemistry, 2009, 
92: 247-262.
4. K. Banach, A.M. Banach, L.P.M. Lamers, H. De Kroon, R.P. Bennicelli, A.J.M. Smits, 
E.J.W. Visser: Differences in flooding tolerance between species from two wetland 
habitats with contrasting hydrology: implications for vegetation development in 
future floodwater retention areas. Annals of Botany, 2009,103: 341-351.
5. R.P. Bennicelli, Z. Stçpniewska, K. Banach, A.M. Banach, L. Jakubowska: The ability 
of Azolla caroliniana Wild. To acclimation under conditions of medium polluted 
with glyphosate, Polish Journal of Environmental Studies, 2008,17(3A): 73-76.
6. Z. Stçpniewska, A. Banach, K. Banach: Role of Soil in Eutrophication of Water 
during Flood Peaks. Polish Journal of Environmental Studies, 2008, 17(3A): 538­
544.
7. R.P. Bennicelli, Z. Stçpniewska, K. Banach, A.M. Banach, A. Szafranek: Comparison 
of aeration status measurements by Clark sensor (DO) and ODR-meter during 
Azolla caroliniana Willd. Growth in the presence of Cd(II) and Hg(II). Water Air Soil 
Pollution, 2007,180: 29-37.
8. A. Scibiór, H. Zaporowska, J. Ostrowski, A. Banach: Combined effect of 
vanadium(V) and chromium(III) on lipid peroxidation in liver and kidney of rats. 
Chemo-Biological Interactions, 2006,159: 213-222.
9. R.P. Bennicelli, T.I. Balakhina, K. Szajnocha, A. Banach: Aerobic conditions and 
antioxidative system of Azolla caroliniana Willd. In the presence of Hg in water 
solution, International Agrophysics, 2005,19(1): 1-5.
10. Z. Stçpniewska, R.P. Bennicelli, T.I. Balakhina, K. Szajnocha, A. Banach, A. 
Wolinska: Potential of Azolla caroliniana for the removal of Pb and Cd from 
wastewaters, International Agrophysics, 2005,19(3): 251-255.
11. R. Bennicelli, Z. Stçpniewska, A. Banach, K. Szajnocha, J. Ostrowski: The ability of 
Azolla caroliniana to remove heavy metals Hg(II), Cr(III), Cr(VI) from municipal 
waste water. Chemosphere, 2004, 55(1): 141-146.
139
12. R. Bennicelli, Z. Stçpniewska, A. Banach, K. Szajnocha: Influence of selected heavy 
metals on the content of photosynthetic pigments in fern Azolla caroliniana, 
Environment Protection Engineering, 2004, 30(4): 7-11.
13. R. Bennicelli, Z. Stçpniewska, K. Szajnocha, A. Banach: The influence of heavy 
metals on the growth of Azolla during purification of municipal wastewater, 
Environment Protection Engineering, 2004, 30(4): 127-132.
14. R. Bennicelli, Z. Stçpniewska, A. Banach, K Szajnocha: Wptyw rtçci (II) na warunki 
aeracyjne podtoza z udziatem Azolla caroliniana Willd., Acta agrophysica, 2003, 84: 
5-12 (in Polish).
15. R. Bennicelli, Z. Stçpniewska, K. Szajnocha, A. Banach: Wptyw kadmu(II) na 
natlenianie podtoza i wzrost biomasy Azolla caroliniana Willd., Acta agrophysica, 
2003, 84: 13-20 (in Polish).
Symposia (posters, presentations)
1. A.M. Banach, K. Banach, E.J.W. Visser, Z. Stçpniewska, A.J.M. Smits, J.G.M. 
Roelofs, L.P.M. Lamers: Effects of summer flooding on floodplain biogeochemistry 
in Poland; implications for increased flooding frequency and water storage, 6th 
International Symposium on Ecosystem Behavior BIOGEOMON 2009, 29.06 - 
3.07.2009, Helsinki (Finland)
2. R.P. Bennicelli, Z. Stçpniewska, K. Banach, A.M. Banach, L. Jakubowska: The ability 
of Azolla caroliniana Wild. To acclimation under conditions of medium polluted 
with glyphosate, III Konferencja Ochrona i Inzynieria Srodowiska - Zrównowazony 
Rozwój, 19-20.09.2008, Krynica-Zdrój (Poland)
3. Z. Stçpniewska, A. Banach, K. Banach: Role of soil in eutrophication of water 
during flood peaks, III Konferencja Ochrona i Inzynieria Srodowiska - 
Zrównowazony Rozwój, 19-20.09.2008, Krynica-Zdrój (Poland)
4. A.M. Banach, K. Banach, E.J.W. Visser, L.M.P. Lamers, R.P. Bennicelli, Z. 
Stçpniewska: Aeration status of soils flooded by Vistula River in Kçpa Solecka 
floodplain, International Conference Soil Protection Strategy - Needs And 
Approaches For Policy Support, 9-11.03.2006, IUNG, Putawy (Poland)
5. R.P. Bennicelli, Z. Stçpniewska, K. Szajnocha, A. Banach, A. Szafranek: Aeration 
measurements by Clarck sensors (DO) and ODR-meter during Azolla caroliniana 
growth in the presence of Cd(II) and Hg(II), 9-International Conference on 
Agrophysics. Environment and Food Safety, 28.08-31.08.2005, Lublin (Poland)
6. R.P. Bennicelli, Z. Stçpniewska, K. Szajnocha, A.M. Banach: The influence of Cr(III) 
and Cr(VI) on N2-fixation by Anabaena azollae and growth of Azolla caroliniana, 
Youth and progress in biology, 11-14.04.2005, Lviv (Ukraine)
7. Z. Stçpniewska, R.P. Bennicelli, A.M. Banach, K. Szajnocha: Azolla caroliniana and 
its role for oxygenation status in waters contaminated by Cr(III) and Cr(VI), Youth 
and progress in biology, 11-14.04.2005, Lviv (Ukraine)
8. R.P. Bennicelli, Z. Stçpniewska, K. Szajnocha, A. Banach: The ability of Azolla 
caroliniana to remove precious metals (Ag(I), Au(III), Pt(IV)) from water solution, 
25-29.05.2004, Budapest (Hungary)
List of publications
140
9. R.P. Bennicelli, Z. Stçpniewska, A. Banach, K. Szajnocha, A. Górski: Determination 
ability of aquatic fern Azolla caroliniana to remove biogens from municipal 
wastewater, 25-29.05.2004, Budapest (Hungary)
10. R.P. Bennicelli, T.I. Balakhina, Z. Stçpniewska, K. Szajnocha, A. Banach: Aerobic 
conditions and antioxidative system of Azolla caroliniana in the presence of Hg in 
water solution, 22-23.03.2004, Puschino (Russia)
11. Z. Stçpniewska, R.P. Bennicelli, T.I. Balakhina, K. Szajnocha, A. Banach, A. 
Woliñska: Potential of Azolla caroliniana to remove Pb and Cd from wastewaters, 
22-23.03.2004, Puschino (Russia)
12. R. Bennicelli, Z. Stçpniewska, K. Szajnocha, A. Banach: Wptyw metali ciçzkich na 
przyrost biomasy Azolla podczas doczyszczania scieków miejskich, Postçp w 
inzynierii Srodowiska, III Ogólnopolska Konferencja Naukowo-Techniczna, 25­
27.09.2003, Rzeszów/Polañczyk nad Zalewem Soliñskim (Poland)
13. R. Bennicelli, Z. Stçpniewska, A. Banach, K Szajnocha: Wptyw wybranych metali 
ciçzkich na zawartosc barwników fotosyntetycznych paproci Azolla caroliniana, 
Postçp w inzynierii Srodowiska, III Ogólnopolska Konferencja Naukowo- 
Techniczna, 25-27.09.2003, Rzeszów/Polañczyk nad Zalewem Soliñskim (Poland)
List of publications
141

